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PREFACE 


Current  and  recent  technology  developments  have  opened  up  a  range  of  possibilities  for  major  improvements  in 
the  manoeuvrability  of  combat  aircraft  in  the  air-air  and  air-ground  modes.  There  are  now  real  prospects  of 
exploiting  a  whole  new  regime  of  controlled  flight,  at  angles  of  attack  well  beyond  the  normal  stall  limit,  given 
the  availability  of  automatic  departure/spin  prevention  systems.  There  is,  in  addition,  a  range  of  new  and  not-so-new 
concepts  capable  of  changing  the  traditional  modes  of  control,  of  which  thrust  vectoring  and  direct  lift  and  side-force 
generation  are  examples. 

The  Flight  Mechanics  Panel  of  AGARD  held  a  symposium  in  Florence,  Italy,  from  5  8  October  1981,  in  order 
to  review  these  recent  developments  and  the  relationship  between  technical  possibilities  and  operational  requirements. 

25  papers  were  presented  in  four  sessions  covering: 

Operational  Requirements 

Prospects  for  Improvements  in  Manoeuvrability 

Prediction  Methods  for  Aircraft  Performance  and  Manoeuvrability 

Assessment  Methods  and  their  Value 

However,  the  papers  showed  a  wide  variety  of  style  and  technical  coverage  which  allowed  a  freer  exploration 
of  the  topic  than  indicated  by  the  session  titles  above. 

Certain  papers,  for  example  those  of  R.H.Hoh  et  al  (9)  and  P.  Guicheteau  ( 1 7)  developed  an  abstract,  highly 
mathematical  approach.  Others  considered  the  global  aspects  of  aircraft  behaviour  in  combat.  During  the  first 
session,  for  instance,  Lt  Col  de  Brouwer  (2)  laid  emphasis  on  the  importance  of  persistence  and  internal  fuel  capacity 
for  a  combat  aircraft:  tactical  considerations  were  developed  also  in  paper  21  of  J.  Pedotti  and  Y.  Hignard.  The  “end 
product”  was  examined  in  the  notable  paper  of  Col  F.  Zampareili  and  A.  Armando  (26)  on  the  Decimomannu  tactical 
evaluation  range. 

A  third  class  of  authors  chose  to  isolate  particular  detailed  points  and  to  develop  them  in  depth.  Examples 
are  the  papers  of  R.  C.  A’Harrah  and  R.  J.  Woodcock  (7)  and  of  W.  E.  Fellers  et  al  (20)  which  stimulated  a  lively 
discussion  amongst  participants  on  the  hypotheses  determining  the  choice  of  tail  configuration,  with  far  from  unanimous 
opinions  being  expressed.  Thanks  are  due  to  the  Fluid  Dynamics  Panel  of  AGARD  for  their  contributions  to  the 
success  of  the  symposium,  namely  the  presentations  on  the  development  of  cryogenic  wind  tunnels  (E.  C.  Polhamus 
and  R.  P.  Boyden,  15)  and  on  simplified  methods  of  calculation  for  aerodynamic  prediction  (T.  D.  Beatty  and 
W.  B.  Brooks.  18).  Of  note  also  was  the  presentation  of  M.  Falco  and  G.  Carpenter  (22).  whose  methods  would 
apply  equally  to  helicopter  combat.  In  contrast,  the  absence  of  any  paper  discussing  the  utility  of  thrust  vectoring 
in  air  combat  was  much  regretted. 

Finally,  the  closing  Round  Table  Discussion  proved  to  be  one  of  the  most  interesting  of  recent  years.  The 
discussion  chairman,  W.  T.  Hamilton  (formerly  FMP  member  and  chairman  of  an  AGARD  Working  Group  on 
Manoeuvre  Limitations  of  Combat  Aircraft  -  see  AGARD  AR  155A  and  AR  155B),  encouraged  the  constructive 
participation  of  the  audience  in  the  analyses  of  the  Round  Table.  Amongst  the  topics  raised  were  the  key  issues 
of  cost-effectiveness  of  combat  aircraft  -  what  price  can  one  afford  to  pay  for  technological  progress  and  should 
emphasis  be  laid  on  maximum  force  size  or  on  maximum  performance  capability  -  and  of  the  interrelationship  of 
human  factors  with  technical  advances. 

An  overall  review  of  the  papers  given,  the  accompanying  discussions  and  the  Round  Table  session  will  be 
included  in  the  forthcoming  Technical  Evaluation  Report  (AGARD  Advisory  Report  AR-179). 


W.  C.  DIETZ 
J-M.  DUC 

Members,  Flight  Mechanics  Panel 
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RETROSPECTIVE  DE  RECENTS  SYMPOSIUMS  AGARD  SOUS  L’ANGLE 
DE  LA  MANOEUVRABILITE  DES  AVIONS  DE  COMBAT 

par 

L’lngdnieur  en  Chef  de  I’Armement  Jean>Michel  Due 
Direction  des  Recherches,  Etudes  et  Techniques 
Service  des  Recherches/Groupe  6 
26  Bid  Victor 
75996  Paris  Armies 
France 

et 

L’Ingenieur  de  1’Armement  Michel  Vergne 
Direction  Technique  des  Constructions  Adronautiques 
Service  Technique  des  Programmes  Adronautiques/ 

Section  Etudes  Gdndrales 
4  Ave  de  la  Porte  d’Issy 
75015  Paris 
France 


0.  -  Notations  : 


Cz  :  Coefficient  de  portance  (C^  sur  les 
figures  en  Anglais). 

Cz  max:  Coefficient  de  portance  maximal 

(C^  max.  sur  les  figures  en  Anglais) 

:  Coefficient  de  soufflage 
:  Angle  de  gite 

0  :  Assiette  de  tangage  (ou  longitudinale) 

<4/  :  Cap 

o(  :  Incidence 

P  :  Dd rap age 

p  :  Vitesse  angulaire  de  roulis 

q  :  Vitesse  angulaire  de  tangage 

r  :  Vitesse  angulaire  de  lacet 


:  Composantes  du  vecteur  vitesse 


:  Composantes  du  facteur  de  charge 


M  :  Nombre  de  Mach 

Re  :  Nombre  de  Reynolds 

LCDP  :  Critdre  de  perte  de  contrdle  late¬ 
ral 


Cn^dyn  •  Stability  de  route  apparente 

(sous-entendu  :  lorsqu'on  tente  de 
contr61er  lf assiette  latdrale) 


1.  -  Introduction  : 


De  nombreux  symposiums  AGARD  tenus  ces  dernidres  anndes ,  en  particulier  ceux  du  FDP  et  du  FMP,  ont 
dtd  1’ occasion  de  communications  ayant  trait  d’une  manidre  ou  d'une  autre  d  la  manoeuvrability  des  avions. 
Le  sujet  est  si  important  qu'il  a  paru  utile  df organiser  le  present  symposium,  entidrement  consacrd  &  ce 
probldme  (en  particulier  pour  en  aborder  certains  aspects  conf identiels) . 

En  prdalable,  il  nous  est  agrdable  de  rappeler  le  remarquable  ouvrage  qui  a  dtd  rdalisd  par  un 
groupe  de  travail  prdsidd  par  W.  HAMILTON  et  qui  a  dtd  dditd  sous  forme  de  l'Advisory  Report  n°  155A  "Ma~ 
noeuvre  Limitations  of  Combat  Aircraft”  (Rdf.  13).  Ce  document  reprend  lui-mdme  certains  dldments  donnds 
dans  l’Advisory  Report  n°  82  "The  Effect  of  buffeting  and  other  transonic  phenomena  on  Maneuvering  Combat 
Aircraft"  rddigd  sous  la  direction  de  W.E.  LAMAR  (Rdf.  12). 


2.  -  Definitions  -  Et endue  du  sujet  : 

Nous  serions  tentds  de  ddfinir  la  manoeuvrability  d'un  avion  comme  cette  quality  qui  lui  perraet  d 
la  fois  d'effectuer  des  dvolutions  serrdes  (par  opposition  au  vol  rectiligne  A  vitesse  constante)  soit 
pour  un  court  instant  (maniabilitd) ,  soit  pendant  une  durde  relativement  longue  et  de  changer  rapidement 
de  type  devolutions  (sens  de  virage  par  exemple)  ou  de  conditions  de  vol  (vitesse,  altitude). 

En  terraes  mathdraatiques  cela  peut  s' exprimer  de  la  manidre  suivante  :  la  position  et  le  mouvement 
d'un  avion  peuvent  fitre  reprdsentds  par  un  vecteur  d’dtat  trds  gdndral  comprenant  des  "positions"  (assiet- 
tea  ,  6»  ,  ^  ,  angles ^d’ incidence  &  ou  de  ddrapage  ft  ,  etc....)  "des  vitesses"  (lindaires  u,  v,  w,  V, 
ou  angulaires  p,  q,  r  ,  Sf  i  ft  ,  etc...)  et  des  "accdldrations"  (lindaires  n  ,  n  ,  n  t  ou  angulaires  p, 

<j  £  ,  etc...)  *  y  * 
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Pour  une  manoeuvre  donnde,  certaines  de  ces  variables  prennent  pendant  plus  ou  mo ins  long temps 
des  valeurs  de  trds  grande  amplitude  (ou  au  contraire  tendant  vers  0,  pour  la  vitesse  par  exemple)  trfcs 
diffdrpntes  de  celles  qu'elles  ont  en  vol  "de  croisidre"  (nz*  1,V  ■  Cte  ,  o(  petit,  (b  ■  p  »  q  *  r  “ 

i  *  ft  *  0). 

Des  illustrations  de  ces  combinaisons  extremes  ont  dtd  souvent  donndes,  par  exemple  par  B.R.A. 
BURNS  (Rdf.  1)  (Fig.  1),  par  W.E.  LAMAR  (Rdf.  2)  (Fig.  2),  par  J.  STALONY-DOBRZANSKI  et  N.  SHAH  (Rdf.  8) 
(Fig.  3),  par  K.W.  LOITER  et  J.  MALEFAKIS  (Rdf.  7),  et  mieux  encore  par  A.M.  SKOW,  W.A.  MOORE  et  D.J. 
LORINCZ  (Rdf.  9) (Fig.  4). 

Le  sujet  d  traiter  est  d  la  fois  trds  particulier  et  trds  vaste. 

Trds  particulier  parce  qu'il  ne  recouvre  qu'un  aspect  parmi  tous  ceux  qui  prdoccupent  la  construc¬ 
tion  adronautique.  En  matidre  de  performances  on  pourrait  citer  comme  autre?  objectifs  la  vitesse  et  1' al¬ 
titude  raaximales,  le  rayon  d'action,  l'endurance,  les  distances  de  ddcollage  et  d' atterrissage ,  etc... 

En  matidre  de  qualitds  de  voly  la  stabilitd  s 'oppose  souvent  d  la  maniabilitd.  De  m£me  la  rapiditd  et  la 
prdcision  de  rdponse  aux  ordres  du  pilote,  le  risque  ou  non  de  ddpasser  les  limites  du  domaine  de  vol, cons¬ 
tituent  des  sujets  d'dtude  qui  ne  sont  pas  strictement  inclus  sous  le  vocable  manoeuvrabil itd  mais  qui  lui 
sont  si  dtroitement  lids  qu'on  devra  en  parler. 

Trds  vaste  aussi,  parce  que  les  spdcif ications  de  performances  et  de  qualitds  de  vol  en  combat  ad- 
rien  sont  souvent  celles  quiddterminent  les  principaux  choix  des  bureaux  d'dtudes  (formule  adrodynamique 
et  charge  alaire,  empennages  s tabilisateurs ,  comroandes  de  vol,  cycle  thermodynamique  du  raoteur,  taux  de 
motorisation,  entrdes  d'air,  tuydres,  dimens ionnement  des  structures  et  done  finalement  devis  de  masse  et 
coGt  de  1' avion).  Les  exigences  peuvent  varier  d'une  mission  d  une  autre,  et  done  la  formule  de  1' avion 
s'en  ressentir.  Unemission  contraignante  est  certainement  la  protection  adrienne  d  moyenne  altitude  du 
champ  de  bataille  qui  impose  un  role  d ' interception  et  d 'engagement  en  combat  des  agresseurs  dventuels. 

Ndanmoins,  tous  les  avions  d'armes  ont  besoin  d'une  grande  capacitd  de  manoeuvre,  mdme  si  leur  mis¬ 
sion  principale  (pdndtration  basse  altitude  par  exemple)  ne  le  requiert  pas,  car  mdrae  si  on  choisit  de  re¬ 
fuser  le  combat,  l'dvasive  ndeessite  virages  serrds  et  fortes  accdldrations  sur  trajectoire.  Ainsi  done, 
Involution  des  caractdristiques  d' avions  comme  reprdsentdeB  par  R.S.  HOOPER  (Rdf.  5)  (Fig.  5  et  6)  et 
P.  BOHN  (Rdf.  6)  (Fig.  7)  est  lide  d  involution  des  besoins  opdrat ionnels  et  illustre  par  ailleurs  les 
progrds  techno log iques  rdalisds  par  les  constructeurs  (les  deux  allant  souvent  de  pair). 

Notons  que  certains  auteurs  ont  cru  pouvoir  dtablir  des  paramdtres  globaux  d'efficacitd  en  combat, 
groupant  plusieurs  terroes .  Citons  par  exemple,  une  formule  donnde  par  A.  VINT  (Rdf.  11)  (Fig.  8). 

Le  sujet  est  done  trds  important.  11  met  en  jeu  de  nombreuses  disciplines.  L'AGARD,  le  Flight 
Mechanics  Panel  et  le  FDP  sur tout,  s’ est  toujours  largement  prdoccupd  de  manidre  plus  ou  moins  explicite 
des  questions  gravitant  autour  du  thdrae  de  la  manoeuvrabil itd .  II  suffit  pour  s'en  convaincre  de  relire 
la  liste  des  titres  des  symposiums  de  ces  dix  dernidres  anndes .  La  plupart  ont  abordd,  parfois  dans  une  ou 
deux  communications  seulement,  parfois  dans  la  majoritd  des  exposds,les  divers  aspects  qu'il  faudrait  dvo- 
quer  pour  traiter  la  question  dans  son  ensemble. 

Quels  sont  ces  aspects  ?  On  peut  citer  : 

-  l'expdrience  acquise  au  cours  de  combats  rdels  ou  simulds, 

-  1* express ion  des  besoins  opdrationnels  qui  en  ddcoule, 

-  les  critdres  et  normes  de  performances  et  qualitds  de  vol  associds, 

-  lee  mdthodes  pour  la  conception  d' avions  plus  manoeuvrants .  Cette  rubrique  d  son  tour  se  divise  en  plu¬ 
sieurs  chapitres  : 

-  les  mdthodes  de  calcul  en  adrodynamique,  propulsion,  rdsistance  des  structures,  etc... 

-  les  mdthodes  d'essais  en  soufflerie,  sur  bancs  au  sol,  sur  simulateurs. 

A  un  niveau  de  synthdse  plus  dlevd  on  pourra  alors  se  rdfdrer  au  ContrGle  Automat i que  Gdndralisd 
qui  permet  en  intdgrant  les  derniers  progrds  venus  de  1 ' adrodynamique,  de  la  propulsion,  des  structures, 
mais  aussi  de  1 'dlectronique,  de  1 ' informatique  et  des  commandes  de  vol  de  tirer  un  meilleur  parti  de 
1 'ensemble, en  se  libdrant  par  exemple  de  certaines  contraintes  de  stabilitd  classiques  et  en  rdduisant  la 
charge  de  travail  du  pilote. 

-  les  principales  rdalisations  actuelles  ou  futures,  expdrimentales  ou  en  vue  d'une  production  en  sdrie, 

-  les  mdthodes  d'essai  et  d Evaluation,  avec  tout  ce  que  cela  comporte  de  techniques  de  mesure,  de  modd- 

lisation,  d' identification,  de  simulation,  d'utilisation  de  maquettes  tdldpilotdes ,  etc . 

-  enfin,  dernier  point  mais  non  le  moindre,  1 '"acceptabilitd"  des  gains  de  manoeuvrabil itd  par  les  dquipa- 
ges,  non  seulement  sous  1* aspect  ergonomique  (conception  des  cabines  de  pilotage  :  prdsentation  des  in¬ 
formations,  dispositions  des  comnandes,  confort  du  pilote,  etc..)  mais  aussi  sous  1' angle  mddical  (jus- 
qu'oO  1 'organisms  humain  pourra-t-il  supporter  la  brutal itd  des  mouvementa  permis  par  les  future  avions?) 
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3.  -  Objet  du  present  symposium  et  de  la  conference  d* introduction  : 

Traiter  1 'ensemble  du  sujet  en  un  seul  symposium  est  appsru  une  tAche  sinon  impossible  en  tout 
cas  difficile.  C'est  pourquoi,  la  prdsente  reunion  organisde  par  le  F.M.P.  a  dfl  voir  son  champ  de  refle¬ 
xion  limitd,  pour  1 'e38entiel# aux  aspects  de  mdcanique  du  vol  et  de  synthdse  qui  sont  de  son  ressort 
(utilisation  opdrationnelle ,  critdres  et  norraes,  architecture  des  avions,  essais  en  vol)  avec  quelques 
apports  des  spdcialistes  d' adrodynamique ,  structures  et  systdmes. 

De  la  mdme  raanidre,  relire  tous  les  compte-rendus  de  conferences  AGARD  des  dix  dernidres  annees , 
en  faire  le  resume  et  la  synthase  aurait  dtd  une  ambition  ddraisonnable  et  nous  avons  choisi,  trds  arbi- 
trairement,  de  nous  limiter  A  une  selection  des  conferences  du  F.D.P.  et  du  F.M.P.  Nous  prions  les  auteurs 
des  autres  commissions  qui  ont  apporte  une  contribution  au  sujet  ici  traite  de  nous  excuser  de  ne  pas  les 
citer.  La  liste  des  documents  auxquels  il  sera  fait  allusion,  const itue  les  references  (1)  A  (11)  inclu- 
ses  pour  les  Symposiums  et  Specialists  Meetings.  Nous  avons  cru  bon  d'y  ajouter  quelques  AGARDograph  's , 
references  (12)  A  (14). 

Le  plan  de  1* expose  consistera  A  reprendre  la  notion  de  manoeuvrabilite ,  essentiellement  en  termes 
de  mecanique  du  vol.  Chaque  point  sera  illustre  par  des  planches  extraites  des  compte-rendus  AGARD  preci¬ 
tes.  Le  temps  et  la  place  disponibles  ne  nous  ont  pas  perrais  de  developper  largement  les  aspects  opdra- 
tionnels,  ni  le  chapitre  particulier  de  la  simulation  du  vol  A  grande  incidence. 


4.  -  La  manoeuvrabilite  : 


4.1.  -  Facteur_de_charge_maximal _ins tantand  : 

La  premiere  demande  des  pilotes  en  combat  air-air  est  de  pouvoir  effectuer  des  virages  plus  serrds 
que  l’adversaire  et  pointer  les  canons  dans  la  direction  voulue  le  plus  rapidement  possible. 

Dans  l'immddiat,  ceci  se  rattache  A  la  notion  de  limite  de  manoeuvre  (facteur  de  charge  maximal 
instantand)  et  il  faut  avant  tout  pouvoir  obtenir  une  trds  grande  portance  *  et,  ce  qui  n'est  pas  tou jours 
Equivalent,  pouvoir  voler  A  trds  grande  incidence.  Au  ddbut  du  combat,  1' avion  sera  en  gdndral  en  rdgime 
de  vol  supersonique  ou  transsonique ,  A  la  fin  il  sera  le  plus  souvent  en  subsonique.  Les  principales  limi¬ 
tations  de  la  portance  maximale  instantandment  disponible  ont  dtd  indiqudes  par  W.E.  LAMAR  (Rdf.  2)  (Fig. 

9)  et  dgaleraent  citdes  dans  1' Advisory  Report,  Rdf.  12. 

La  portance  maximale  peut  dtre  d'origine  purement  adrodynamique  et  dans  ce  cas  ddpend  exclusivement 
de  la  configuration  retenue  (fldche,  allongement,  dpaisseur  de  la  voilure,  bees,  volets  hypersustentateurs , 
etc...)  et  de  la  possibllitd  de  voler  A  grande  incidence. 

Un  trds  bel  exemple  de  mesure  de  1' incidence  en  vol  jusqu'A  plus  de  50  degrds  a  dtd  fourni  par 
K.W.  ILIFF  (Rdf.  4)  (Fig.  10)  A  comparer  A  celui  de  J.M.  ABERCROMBIE  (Rdf.  6)  (Fig.  11)  relatif  au  F15 
Eagle.  Malheureusement  le  norabre  de  Mach  n'est  pas  indiqud  sur  ces  figures.  (Cette  absence  de  valeurs  nu- 
radriques  est  trds  frdquente  chez  de  nombreux  auteurs,  pour  d'dvidentes  raisons  de  diserdtion.  Nous  ne 
pouvons  que  le  ddplorer)  . 

W.  STAUDACHER,  B.  LASCHKA,  PH.  POISSON-QUINTON  et  J.P.  LEDY  (Rdf.  7)  (Fig.  12  et  13)  ont  montrd 
comment  soufflage  ou  installation  de  nageoires  peuvent  amdliorer  ce  Cz  max,  comme  l'ont  fait  B.  SCHULZE 
et  M.  CANU  (Rdf.  4)  (Fig.  14),  avec,  ce  qui  est  apprdciable  dans  ce  dernier  cas,  des  graduations  prdcises 
de  nombre  de  Mach  et  d' incidence.  De  mdme  A.H.SKOW,  A.  TITIRIGA  Jr. et  W.A.  MOORE  (Rdf.  7)  (Fig.  15)  ont 
signald  l'effet  de  cloiaons  de  voilure  et  celui  du  braquage  des  dlevons.  Dans  le  mfirae  esprit  les  perfor¬ 
mances  relatives  de  diffdrentes  configurations  delta  ont  dtd  prdsentdes  par  C.W.  SMITH  et  C.A.  ANDERSON 
(Rdf.  7)  (Fig.  16). 


X  Notons  plus  prdcisdment  que  cette  portance  est  A  considdrer  autant  de  faqon  relative  par  rapport  au  poids 
de  l1 avion  (et  A  la  poussde  des  moteurs  dans  le  cas  d'un  avion  A  poussde  orientable)  qu'en  absolu  adrody¬ 
namique  (C  *  f  (*  ,  M,  Re,  C|*  ,  etc...)  et  que  le  lien  entre  ces  deux  approches  passe  par  la  notion  de 


namique  vu  »  na  ,  b,  ne,  u  , 

charge  alaireafcf.  Rdf.  5,  Fig.  5). 
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Du  point  de  vue  de  1 ' ad ro dynamic ien,  il  eat  essentiel  demaitriser  le  probldme  du  ddcrochage  (dd- 
collement  local  ou  generalise  de  1 'dcoulement )  et  comme  sur  les  ailes  A  forte  flAche  une  grande  partie  de 
la  portance  eat  d'origine  tourbillonnaire  (cf.  D.  HUMMEL,  Rdf.  7,  Fig.  17)  il  faut  chercher  A  retarder 
l'edatement  des  tourbillona  d'apex  et  ne  pas  se  laisser  pdnaliser  par  ceux  qui  prennent  naisaance  au  nez 
de  1 ' avion,  d’oO  l'importance  de  1 ' eiancement  de  celui-ci  (cf.  A.M.  SKOW  et  A.  TITIRIGA  Jr-  Rdf.  4,  Fig. 
18).  L'influence  du  nombre  de  Reynolds  aur  cea  ecoulementa  a  dtd  rappelde  par  J.  MIRANDE,  V.  SCHMITT  et 
H.  WERLE  (cf.  Rdf.  7,  Fig.  19). 

Une  limitation  adrodynamique  frequerament  rencontrde  est  le  "buffeting"  (tr emblement ) .  Il  s'agit 
de  vibrations  ddclenchdes  par  des  phdnomdnes  adrodynamique a  instationnaires  trds  dependants  de  la  confi¬ 
guration  de  1’ avion.  Un  exemple  prdcia  de  variation  de  niveau  vibratoire  avec  le  braquage  des  volets  a 
dtd  donnd  par  L.E.  ERICSSON  (Rdf.  8)  (Fig.  20)  concernant  le  YF  16  CCV.  De  mdme  l'effet  des  "ongleta  de 
voilure"  a  dtd  signald  par  G.  MOSS  (Rdf.  7)  (Fig.  21)  aur  un  pro jet  ddrivd  du  Harrier. 

Ce  dernier  avion  nous  amdne  A  rappeler  que  le  facteur  de  charge  obtenu  peut  rdsulter  d'une  intd- 
gration  propuls ion/portance  (soufflage  de  voilure,  poussde  orientable) .  Il  faut  bien  dire  que  1' article 
de  S.F.  STAPLETON  et  B.V.  PEGRAM  (Rdf.  2)  (Fig.  22),  a ' il  raontre  quelques  configurations  d'emport  d'armes 
insiste  sur  1 ' adrodynamique  de  la  voilure  plutdt  que  aur  la  ddflexion  de  la  poussde.  En  revanche, 

L.D.  WOLFE  et  A.E.  FANNING  (Rdf.  5)  (Fig.  23  et  24)  ont  donnd  quelques  concepts  de  tuyAres  orientables 
et  exemples  de  gains  de  limite  de  manoeuvre  thdoriquement  possibles. 

Pour  clore  ce  chapitre  sur  la  portance  maximale  utilisable  nous  dirons  enfin  que  les  effets  d' ad- 
rod  last icitd  statique  sont  souvent  oublids  dans  les  articles  prdcitds.  par  exemple,  T.M.  WEEKS,  G.C.  UHUAD 
et  R.  LARGE  (Rdf.  11)  (Fig.  25)  n'en  parlent  pas  explicitement  dans  le  cas  de  la  voilure  A  fldche  inverse 
pour  laquelle  on  manque  en  gdndral  de  donndes . 


4.2.  -  Les_Qual itds_de_Vol _A_grande_inc idence  : 

Il  ne  suffit  pas  qu’en  thdorie  A  une  certaine  incidence  la  voilure  produise  une  certaine  portance. 
Encore  faut-il  qu'en  pratique  le  pilote  puisse  en  disposer.  D'abord  il  y  a  A  respecter  les  limites  struc- 
turales  ce  qui  implique  la  ddtermination  des  charges  adrodynamiques  locales  tant  statiques  qu ' instation¬ 
naires  ("buffeting",  risque  de  flottement).  Ensuite  il  faut  que  1' avion  soit  pilotable. 

4.2.1.  Stabilitd_8tatique_longi.tudinale_-_Ef f icaci td_de_gouyernts_-_Maniabilitd . 

Un  compromis  entre  stabilitd  et  maniabilitd  s* impose  et  il  a  des  implications  directes  sur  la  con¬ 
figuration  d'ensemble  de  1* avion  :  non  seulement  la  voilure  principale  mais  dgalement  les  empennages 
(classiques  ou  canards)  et  les  gouvernes  doivent  fitre  dimensionnds  et  mis  en  place  astucieusement .  Un  re- 
marquable  dchantillon  de  caractdristiques  de  moments  de  tangage  en  fonction  de  la  portance  (ou  de  1' inci¬ 
dence)  pour  diffdrentes  configurations  a  dtd  donnd  par  A.J.  ROSS  et  H.H.B.M.  THOMAS  (Rdf.  9)  (Fig.  27). 
Dans  le  cas  d'une  configuration  delta  sans  empennage,  W.T.  KEHRER  (Rdf.  9)  (Fig.  28)  a  bien  rdsumd  les 
principales  limitations  rdsultant  A  la  fois  des  exigences  de  stabilitd,  de  l'efficacitd  des  gouvernes  et 
en  particulier  du  fait  que  les  dlevons  peuvent  6tre  saturds  A  la  fois  en  tangage  et  en  roulis.  Une  autre 
comparaison  des  effets  fastes  et  ndfastes  de  la  stabilitd  longitudinale  statique  a  dtd  prdsentde  par 
P.  BOHN  (Rdf.  5)  (Fig.  29)  en  ce  qui  concerne  les  Mirage  III,  F  1,  G  8A  et  2000.  Il  est  certain  qu' autre¬ 
fois  on  exigeait  une  stabilitd  longitudinale  statique  positive  jusqu'A  1' incidence  de  ddcrochage  (centre 
de  gravitd  placd  en  avant  du  foyer  adrodynamique)  ce  qui  s 'accompagnait  d'hyperstabilitd,  soit  A  grande 
incidence,  soit  en  transsonique, du  fait  du  recul  important  du  foyer  (cf.  les  figures  prdcddentes  27,  28 
et  29).  En  plus  on  n'dtait  pas  A  l'abri  d'accidents  de  stabilitd  (du  genre  autccabrage  ou  autre)  surve- 
nant  parfois  mfime  A  des  incidences  moddrdes .  Dans  1' article  de  T.S.  WEBB,  D.R.  KENT  et  J.B.  WEBB  (Rdf.  6) 
sur  le  F  16,  la  comparaison  de  la  figure  30  qui  montre  des  Cz  non  dquilibrds  allant  jusqu'A  1,75  et  de  la 
figure  31  oik  ils  sont  limitds  vers  0,9  laisse  prdsager  la  difficultd  des  probl&mes  d'dquilibrage  que  l'on 
peut  rencontrer.  Les  effets  particulars  de  1 'adrodlas ticitd  sur  la  stabilitd  ont  dtd  dvoquds  par  W.T. 
KEHRER  (Rdf.  9)  (Fig.  26). 

Il  faut  noter  que  l'apport  du  ContrSle  Automat ique  gdndralisd  dans  ce  domaine  est  ddcisif.  Nous 
y  reviendrons  dans  un  chapitre  spdcial. 

Le  manque  de  contrdle  longitudinal  A  grande  incidence  peut  provenir  d'une  diminution  d'efficacitd 
des  gouvernes  classiques  et  certains  auteurs  ont  proposd  un  soufflage  des  gouvernes  ou  1 'utilisation  de 
gouvernes  nouvelles,  par  exemple  onglet  mobile  comne  G.  MOSS  (Rdf.  7)  (Fig.  32). 
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A  faible  vitesse  la  pression  dynamique  eat  de  toute  fagon  insuffisante  et  certains  comme  W.T.  KEHRER 
(RAf.  9)  (Fig.  33)  ont  proposA  1 ' orientation  du  vecteur-poussAe  comme  moyen  de  contrdle.  A  grande  vitesse 
c'est  au  contraire  la  saturation  des  servo-commandes  qui  peut  Atre  cause  de  la  reduction  de  maaiabilitA. 

Une  derniAre  mention  doit  §tre  faite.  Elle  concerne  lea  limitations  de  manoeuvrability  qui  rAsul- 
tent  d'une  perte  d'un  circuit  hydraulique  ou  d'un  endommagement  des  gouvernea,  dua  A  une  panne  ou  A  1' im¬ 
pact  de  projectiles.  Une  maniabilitA  rainimale  doit  Atre  assurye  dans  ce  cas.  Ce  problAme  a  yty  yvoquy 
par  Lt  Cl  REMERS  (Ryf.  3). 

4.2.2.  Stabi 1 i ty _a tat ique^transversa le^-_Couglage_longi tudinal /la tdral 

Ce  qui  prAcAde  concernait  surtout  le  mouvement  longitudinal  de  1 'avion.  Mais  la  stability  statique 
transversale  est  ygalement  source  de  gros  problAmes  A  rysoudre.  L'idyal  serai t  yvidemment  que,  jusqu'aux 
plus  grandes  incidences  utiles  sur  le  plan  opArationnel ,  1' avion  ne  prysente  pas  d1 instability  de  route. 
Pour  cette  raison  par  exemple  la  taille  relative  des  dArives  des  avions  8 'est  rAguliArement  accrue  comme 
l'a  rappeiy  D.J.  WALKER  (Rdf.  9)  (Fig.  34)  ce  qui  devait  malheureusement  se  payer  par  une  augmentation 
corrAlative  de  masse  et  de  trainAe.  La  comparaiaon  entre  1'efficacitA  d'une  ou  de  deux  dArives,  1'utili- 
sation  de  quilles,  et  l'effet  en  gAnAral  nAfaste  des  charges  emportyes  sous  fuselage  ou  voilure  a  dAjA 
yty  signaiy  par  H.  WUNNENBERG  et  W.J.  KUBBAT  (Rdf.  5)  (Fig.  35)  et  par  B.R.A,  BURNS  (Ryf.  1)  (Fig.  36). 
Cependant  encore  une  fois  le  problAme  adrodynamique  A  grande  incidence ,  est  sans  doute  liy  aux  Aclatements 
de  tourbillons.  L'yvolution  typique  des  coefficients  ayrodynamiques ,  telle  que  reprysentye  par  J.R. 
CHAMBERS,  W.P.  GILBERT  et  L.T.  NGUYEN  (Ryf.  4)  (Fig.  37),  dApend  done  surtout  de  la  forme  du  nez  (cf. 

A.M.  SKOW,  A.  TITIRIGA  Jr.et  W.A.  MOORE,  Ryf.  7,  Fig.  38),  de  la  prysence  ou  non  de  virures,  de  mousta¬ 
ches  ou  d'onglets  (cf.  A.M.  SKOW  et  A.  TITIRIGA  Jr.  Ryf.  4,  Fig.  39  et  40),  de  canards  (cf,  W.T.  KEHRER, 
Ryf.  9,  Fig.  41).  De  trAs  belles  visualisations  des  ycoulements  tourbillonnaires  ydatys  ont  yty  rAali- 
syes  dans  l'eau  et  signages  par  A.M.  SKOW,  A.  TITIRIGA  Jr.et  W.A.  MOORE  (Ryf.  7)  (Fig.  42),  mArne  s’il 
n’est  pas  sur  qu'au  norabre  de  Reynolds  du  vol  on  retrouve  bien  la  mAme  structure  d 'ycouleraent .  Par  ail- 
leurs,  des  phAnomAnes  d' instability  des  tourbillons  et  d'hystyrysis  en  fonction  de  1* incidence  ont  yty 
souvent  rapportys  (cf.  K.J.  ORLICK-RUCKEMANN,  Ryf.  7,  Fig.  43). 

La  tnycanique  du  vol  traditionnellement  enseignye  dycouple  de  fagon  excessive  les  raouvements  longi- 
tudinaux  et  transversaux .  Nyanmoins  des  phynomAnes  importants  de  couplage,  mAme  en  statique,  ont  AtA  indi- 
quAs  par  D.E.  JOHNSTON  (Ryf.  4)  (Fig.  44)  A  propos  du  F.4  Phantom  ou  par  A.M.  SKOW,  A.  TITIRIGA  Jr.  et 
W.A.  MOORE  (Ryf.  7)  (Fig.  45)  pour  diffyrentes  formes  de  nez  d'avions. 

4.2.3.  §tabil i tys^d^namiques  -Ry ponse8_tran8 i toiresauxcommandes 

Au-delA  des  yquilibres  et  des  otabilitys  statiques,  le  comportement  dynamique  de  1' avion  est  Avi- 
denment  un  sujet  important.  En  longitudinal  on  souhaiterait  avoir  suf f isarament  d' amort issement  pour  que 
la  ryponse  A  la  profondeur,  souhaitye  rapide  soit  cependant  assez  pure  et  que  le  risque  de  dypasser  1 ' in¬ 
cidence  ou  le  facteur  de  charge  maximal  soit  aussi  faible  qu.  possible,  ainsi  que  le  risque  de  pompage 
pilotA.  En  transversal  de  nAme,  i 1  ne  faut  pas  que  les  ordres  du  pilote  dAclenchent  des  oscillations  di- 
vergentes  de  type  linyaire  (roulis  hollandais)  ou  cycle-limite  ("wing  rock")  ou  des  AchappAes  non  contrB- 
lyes  en  roulis  ("wing  drop")  ou  en  lacet  ("nose  slice").  Du  point  de  vue  du  mycanicien  du  vol,  c'est  en 
fait  la  combinaison  des  stabilitys  statiques  et  dynamiques,  longitudinales  et  transversales ,  des  effica- 
citys  et  effets  secondaires  des  gouvernes  (y  compris  et  surtout  les  non-linyaritys ,  hystyrysis,  etc....) 
qui  conditionne  le  comportement  global  de  I’ avion.  Des  exeraplea  de  "wing  rock"  ont  yty  donnys  par  J.R. 
CHAMBERS,  W.P.  GILBERT  et  L.T.  NGUYEN  (Ryf.  4)  et  par  D.E.  JOHNSTON  (Ryf.  4)  (Fig.  46)  qui  raontrent  bien 
ygalement  Involution  des  modes  propres  de  1' avion  avec  1' incidence  et  le  dArapage.  La  modAlisation  mathA- 
matique  de  ce  cas  de  vol  reste  probl Ama tique .  Les  aArodynamiciens  ont  introduit  de  nouveaux  coefficients, 
ou  cherchA  A  Atudier  1' influence  d'une  rotation  permanente  sur  1 'aArodynamique  de  1 'avion.  Les  principaux 
montages  tournants  en  service  ont  AtA  rappelAs  par  L.E.  ERICSSON  (RAf.  8)  (Fig.  47)  et  des  compa raisons  de 
coefficients  en  oscillation  et  en  rotation  ont  AtA  prAsentAes  par  K.J.  ORLICK-RUCKEMANN  (RAf.  7)  (Fig.  48) 

4.2.4.  RA si8tance_A_la_vrille 

II  n'est  cependant  pas  facile  de  dessiner  des  configurations  rAsistant  A  la  vrille.  De  nombreux 
critAres  ont  AtA  proposAs  :  LCDP,  Cn  p,  dynamique,  Kalviste,  Weissman,  etc...  L'article  de  A.M.  SKOW  et 
A.  TITIRIGA  Jr.  dAjA  citA  (RAf.  4)  fait  remarquablement  le  point  sur  le  sujet.  On  ne  saurait  conseiller 
mieux  que  de  le  relire  attentivement .  Les  figures  49,  50,  51,  52  en  sont  extraites  A  titre  d'exemples. 
Notons  enfin  que,  dans  ce  domaine,  le  ContrAle  Automat i que  GAnAralisy  apportera  certainement  une  fois 
encore  des  gains  fantastiques . 

4.2.5.  ManiabilitA_latArale  : 

Les  problAmes  de  stability  dynamique  transversale  nous  araAnent  tout  naturellement  A  parler  de  raa- 
niabilitA  en  roulis,  le  renversement  du  sens  de  virage,  rapide  et  sans  danger  de  perte  de  contr61e,  Atant 
une  nAcessitA  en  combat  aArien. 
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Dif fArents  auteurs  comme  W.T.  KEHRER  (R6f.  9)  (Fig.  53)  et  0.  SENSBURG  et  H.  ZIMMERMANN  (R£f.  5) 
(Fig.  54)  ont  montr£  les  avantages  respectifs  d'ailerons,  d'eievons,  de  spoilers,  de  la  poussAe  orien- 
table  et  de  1 ’ interconnexion  roulis-lacet ,  pour  satisfaire  les  besoins  de  maniabilit£  en  roulis  pr£sen- 
t£s  sur  les  Fig.  1,  3  et  4. 

Nous  reviendrons  A  propos  du  Controle  Automatique  G£n£ralis£  sur  les  limitations  qu'on  est  encore 
oblige  d'imposer  S  la  maniabilite  en  roulis. 

4.3.  -  Fonctionnement  et  rendement  des  entries  d'air  et  rooteurs  : 


Si  les  qualit£s  de  vol  de  1' avion  lui  confArent  des  capacit£s  devolution  accrues,  il  faut  s' assu¬ 
rer  aussi  que  les  4quipements  et  surtout  le  moteur  supportent  ces  conditions  de  vol  extremes.  Le  fonction- 
nement  des  entries  d'air  A  grande  incidence  et  leur  rendement  fait  i'objet  de  nombreuses  Etudes.  P.  BOHN 
(R£f.  5)  (Fig.  55)  a  montr£  les  progrAs  realises  sur  Mirage  2000  par  rapport  au  Mirage  FI,  J.  DUNHAM 

(Ref.  5)  (Fig.  56)  a  donn£  des  exeraples  relatifs  aux  F15  et  F16,  tandis  que  K.W.  LOITER  et  L.  MALEFAKIS 

(Ref.  7)  (Fig.  57,  58,  59  et  60)  ont  pr£sent£  des  solutions  envisageables  pour  le  futur  et  les  avantages 
relatifs  qu'il  y  a  A  placer  des  entries  d’air  sous  fuselage,  sous  onglet,  ou  sous  canard,  avec  ou  sans 
dispositifs  mobiles. 

4.4.  -  Les_perfqrmances_en_^yolut ion  (Taux  d ' acceleration  -  Facteur  de  charge  maximal  soutenu) . 

Les  aspects  precedemment  6voques  concernaient  surtout  les  qualites  de  vol.  Le  chapitre  des  perfor¬ 
mances  est  le  deuxi&rae  qu'il  est  essentiel  d'associer  A  la  notion  de  manoeuvrabilite .  II  faut  d'abord  par- 
ler  de  la  possibilite  d’acceierer  rapidement  sur  trajectoire  ou  de  freiner  brutalement  ce  qui  presente  un 
grand  avantage  tactique.  On  voit  done  se  poser  la  question  de  la  rapidite  de  rAponse  du  moteur  et  d'allu- 
mage  de  la  rechauffe  A  partir  d'un  regime  d'attente  intermediaire .  Ceci  a  £t£  traite  dans  certains  sympo¬ 
siums  du  Propulsion  and  Energetics  Panel.  II  faut  Agalement  prendre  en  consideration  le  bilan  pouss6e- 
trainee  A  incidence  et  facteur  de  charge  faibles.  Un  bon  exemple  des  objectifs  vises  par  rapport  A  ce  que 

font  les  chasseurs  actuels  est  donne  par  R.D.  CHILD,  G.  PANAGEAS  et  P.  GINGRICH  (Ref.  10)  (Fig.  61)  A 

propos  du  vehicule  teiepilote  Hi  Mat.  On  doit  iramediatement  y  associer  le  bilan  poussee-trainee  A  inciden¬ 
ce  et  facteur  de  charge  moyens  ou  grands  qui  gouverne  la  notion  de  marge  de  manoeuvre  (facteur  de  charge 
maximal  soutenu).  Des  auteurs  comme  P.  BOHN  (Ref.  5)  (Fig.  62)  en  ce  qui  concerne  l'effet  des  bees  du  Mi¬ 
rage  2000,  ou  RF.  SIEWART  et  R.E.  WHITEHEAD  (Ref.  5)  (Fig.  63)  pour  la  prog rairenat ion  des  bees  et  volets  du 
F18  Hornet  ont  montre  les  gains  de  finesse  qu'il  est  possible  de  realiser  aujourd'hui.  L'avenir  pourrait 
§tre  dans  les  profils  continuement  deformables  presentes  par  R.F.  SIEWART  et  R.E.  WHITEHEAD  (Ref.  5)  (Fig. 
64)  et  D.S.  WOODWARD,  R.F. A.  HEATING  et  C.S.  BARNES  (Ref.  9)  (Fig.  65).  L’objectif  de  meilleure  finesse 
explique  aussi  pourquoi  on  revient  parfois  A  des  ailes  avec  moins  de  flAche  et  davantage  d'allongement . 

Par  ailleurs,  les  contraintes  de  stabilite  longitudinale  et  transversale  classiques  ont  des  implications 
nefastes  (trainee  d'6quilibrage,  trainee  de  frotteraent  et  masse  de  grands  empennages),  e'est  pourquoi  la 
stabilite  artificielle,  premier  pas  dans  le  ContrSle  Automatique  Generalise,  perraet  des  gains  spectacu- 
laires.  En  parallAle,  1  *  amelioration  du  rapport  poussee/poids  (voir  Fig.  5)  qui  tend  A  devenir  superieur 
A  1  A  basse  altitude  augmente  aussi  les  performances.  On  voit  arriver  le  moment  ou  la  manoeuvrabilite 
serait  telle  qu'A  la  limite  de  resistance  des  structures  (8  ou  9  g)  l’avion  pourrait  encore  accei6rer. 

On  ressent  alors  le  besoin  de  pouvoir  freiner  et  1 'utilisation  d'aerofreins  ou  de  la  reverse  en  vol  peut 
s'imposer  (cf.  Rdf.  5)  (Fig.  23). 

4.5.  -  Le_Controle_Automat igue_G£n£ralise  : 

Quelles  sont  les  nouvelles  possibilites  offertes  par  le  Contrdle  Automatique  Generalise  ? 

4.5.1.  La_stabilite_artif icielle 

Tout  d'abord  nous  avons  dAjA  evoque  le  vol  A  stabilite  longitudinale  statique  rdduite,  voire  m€me 
negative  (avec  stabilisation  artificielle)  qui  apporte  des  avantages  immediats  : 

-  diminution  de  trainee  d' 6quilibrage ,  done  meilleure  finesse,  meilleures  marges  de  manoeuvre  comme  rap- 
peie  par  R.A.  WHITMOYER  (Rdf.  4)  (Fig.  66)  et  J.  STALONY-DOBRZANSKI  et  N.  SHAH  (Rdf.  8)  (Fig.  67), 

-  diminution  de  la  taille  des  empennages,  et  mAtne  de  1* avion  complet,  d'oCi  gain  de  masse  et  de  manoeuvra¬ 
bilite  comme  l*a  rappeie  P.R.  KURZHALS  (Ref.  8)  (Fig.  68), 

-  diminution  de  la  deportance  d' equilibrage ,  ou  ce  qui  revient  au  m&ne,  augmentation  de  la  portance  maxi¬ 
male  de  1' avion  complet,  done  meilleure  limite  de  manoeuvre. 

Remarquons  cependant  que  la  combinaison  d'un  cas  de  vol  A  grande  incidence  avec  une  marge  statique 
negative  introduit  un  risque  supplAmentaire  de  perte  de  contrdle  si  1'on  approche  du  moment  oft  les  gouver- 
nes  de  profondeur  arrivent  en  butde  (A  piquer  dans  ce  cas).  Ceci  est  trAs  bien  illustrA  par  W.T.  KEHRER 
(Ref.  9)  (Fig.  69).  Une  circonstance  aggravante  est  un  ordre  en  roulis  au  mAme  moment  (couplage  par  iner- 
tie  faisant  cabrer  et  dAraper  1' avion).  C'est  pourquoi  la  plupart  des  constructeurs  s'orientent  vers  une 
solution  du  genre  limiteur  automatique  de  domaine  (incidence,  taux  de  roulis)  comme  signaie  par  A.M.  SKOW, 
W. A.  MOORE  et  D.J.  LORINCZ  (Rdf.  9)  (Fig.  70)  par  exemple. 
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La  possibility  de  crAer  une  stability  traneversale  artificielle  permet  aussi  de  rAduire  la  taille 
dea  dyrives  ou  d'accroitre  le  doraaine  en  incidence.  Mais  sur  ce  dernier  point  les  avis  sont  partagAs ,  car 
les  accidents  aArodynaraiquea  engendrys  par  dee  ydatementa  de  tourbillons  de  nez  ou  d'apex  peuvent  avoir 
des  effets  d'un  ordre  de  grandeur  supyrieur  A  1 '«.f f icacity  des  gouvernes  de  direction  (cf.  Fig.  38,  39,  42 
43). 

Remarquons  en  outre  que  sur  un  avion  A  Controle  Automatique  Cynyralisy  la  notion  de  stability  dy- 
namique  proprement  dite  perd  de  son  intArAt.  En  revanche,  la  ryponse  initiale  de  1* avion  aux  ordres  du  pi- 
lote  peut  ytre  araAliorAe  (cf.  J.  STALONY-DOBRZANSKI  et  N.  SHAH  (Rdf.  8)  (Fig.  71),  mais  elle  peut  aussi 
dyconcerter  1 1 utilisateur  par  son  caractAre  artificiel  (soit  qu’elle  corresponde  A  un  systAme  d’Aquations 
dif fyrentielles  d'ordre  plus  yievy  que  sur  1' avion  naturel,  soit  que  la  digitalisation  des  commandes  de 
vol  yiectriques  introduise  des  retards  purs  ou  des  sauts,  eux-mAmes  sources  potent ielles  de  pompage  pilo- 
ty),  it  aussi  parce  qu'on  manque  de  critAres  efficaces  (insuccAs  relatif  de  la  notion  de  C*  par  exeraple) 
pour  la  conception  des  lois  de  pilotage. 

Ces  points  ont  yty  abondamment  dyveloppys  dans  1 ' AGARDograph  n°  23A  (Ryf .  1A) ,  en  particulier  dans 
1' article  de  K.J.  SZALAI,  S.R.  BROWN  et  K.L.  PETERSEN  de  la  NASA  Dryden. 

4.5.2.  L^ant i-f lot tement_et_ Isanti- turbulence 

Parmi  les  autres  avantages  apportys  de  faqon  indirecte  par  le  CAG,  nous  pourrions  encore  citer  le 
contrdle  du  flottement  des  structures,  surtout  avec  charges  externes,  qui  devrait  permettre  d'allAger 
1 'avion  done  d'amyiiorer  la  charge  alaire  done  la  manoeuvrability,  mais  n'est  sans  doute  pas  prAs  d'Atre 
utilisy  en  sArie,  et  les  dispositifs  anti-turbulence.  Ceux-ci  ont  un  effet  indirect  sur  la  manoeuvrability, 
en  particulier  pour  un  avion  qui  serait  polyvalent  :  pynytration  A  basse  altitude  ou  appui  tactique  et 
combat  tournoyant .  En  effet,  la  manoeuvrability  requiert  une  assez  faible  charge  alaire  ce  qui  donne  une 
trAs  forte  ryponse  A  la  rafale  et  e’est  pourquoi  on  limite  parfois  la  surface  de  voilure.  La  levAe  de 
cette  contrainte  par  un  dispositif  anti-turbulence  permettrait  des  gains  de  manoeuvrability  importants. 

4.5.3.  Le _Controle_Direct_de_Forces 

Un  dernier  avantage  qu'apporte  le  Controle  Automatique  GAnAralisA  est  la  possibility  de  dycoupler 
les  forces  et  les  moments,  ou  autrement  dit  le  contrSle  direct  de  forces.  Cela  permet  de  dApointer  le  fu¬ 
selage  (effet  de  tourelle)  A  trajectoire  constante  ou  de  raoduler  la  trajectoire  A  cap  et  assiettes  cons¬ 
tants.  (Voir  F.R.  SWORTZEL  et  Dr.  J.D.  Me.  ALLISTER  (RAf.  8)  et  R. A.  WHITMOYER  (RAf.  4)  (Fig.  72)).  Cer¬ 
tains  auteurs  ont  montrA,  A  partir  de  1'expArience  en  vol  sur  YF  16  que  cela  apporterait  un  avantage  opAra- 
tionnel  certain  (Notons  d'ailleurs  que  ces  nouveaux  modes  de  pilotage  sont  sans  doute  essentiels  pour  la 
fonction  anti-turbulence).  Dans  le  m§me  esprit  une  meilleure  rAgulation  du  moteur,  entryes  d'air  et  tuyAre 
(y  compris  la  reverse  en  vol)  aroAliorerait  la  rapidity  de  contrdle  de  la  vitesse.  On  peut  citer  1 'article 
de  F.R.  SWORTZEL  et  Dr.  J.D.  McALLISTER  (RAf.  8)  (Fig.  73)  qui  indique  des  autoritAs-ob ject if s  pour  ces 
nouveaux  degrAs  de  liberty,  et  (Fig.  74)  qui  donne  les  rAsultats  atteints  9ur  YF  16.  Remarquable  est  le 
papier  de  R.A.  WHITMOYER  (RAf.  4)  (Fig.  75)  qui  montre  en  contrepartie  ce  qu'on  risque  de  perdre  en  perfor¬ 
mances  lorsqu’on  effectue  de  Celles  manoeuvres  de  ddpointage, 

4.6.  -  Probl§mesjnydicaux_-_Asgect8_ergonoraigues  : 

AprAs  cette  revue  technique  nous  souhaiter ions  rappeler  le  Specialists  Meeting  organisA  par  1* Ae¬ 
rospace  Medical  Panel  (RAf.  15)  ou  fut  montrAe  entre  autres  l'importance  de  la  dArivAe  par  rapport  au  temps 
du  facteur  de  charge  (norabre  de  Jolt).  La  brutality  accrue  des  manoeuvres  que  pourront  rAaliser  les  avions 
futurs  ne  sera  supportable  par  l'Aquipage  que  moyennant  une  meilleure  disposition  des  cabines  et  des  orga- 
nes  de  cotnnande,  en  particulier  en  jouant  sur  1 ' incl ina ison  du  siAge  comme  signalA  par  H.E.  VON  GIERKE 
(RAf.  3)  (Fig.  76  et  77)  et  A.G.  BARNES  (RAf.  5)  (Fig.  78).  La  question  de  la  prAsentation  des  informa¬ 
tions  au  pilote  (en  particulier  pour  le  pilotage  des  modes  nouveaux)  constitue  Agalement  un  chapitre  de 
l'ergonomie  trAs  vaste  et  qui  sort  du  cadre  que  nous  nous  sommes  ici  fixA. 

5.  -  Conclusion  : 


Une  bonne  manoeuvrability  est  pour  les  avions  d'armes  un  facteur  dAcisif  de  supArioritA  en  combat 

aArien. 

L 1 AGARD  (en  particulier  le  FMP  et  le  FDP)  a  abordA  ce  sujet  d'une  raaniAre  ou  d'une  autre  dans  la 
plupart  des  rAunions  de  cea  derniAres  annAes,  comme  nous  avons  easayA  de  le  montrer.  Notre  exposA  n'aura 
AtA  qu'un  survol  rapide,  une  aArie  trAs  limitAe  d'exemples  choisis,  il  faut  bien  lc  dire,  avec  un  certain 
arbitraire,  devant  l'abondance  de  la  raatiAre  disponible.  Puis  sent  les  auteurs  non  citAs  ou  mal  citAs  nous 
comprendre  et  nous  pardonner  1 


r 
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Une  remarque  doit  fitre  faite  :  ce  th&me  de  la  manoeuvrability  eat  un  sujet  assez  confidential  et 
beaucoup  d' articles  publids  dans  le  passd  ont  vu  leur  intdrSt  sgrieusement  r4duit  parce  que  lea  auteura 
ont  dQ  masquer  lea  valeura  numyriques  relatives  A  tel  ou  tel  avion  par  souci  de  discretion. 

Ceci  explique  pourquoi  le  Comity  de  Programme  Technique  chargy  d'organiaer  le  pryaent  Symposium 
qui  vise  k  couvrir  en  une  seule  foia  lea  principaux  aspects  de  la  question  (Besoins  Opdrationnels ,  Eapoira 
d’ amelioration,  Methodes  de  Prydiction,  Methodes  d* Evaluation)  a  choisi  de  tenir  ces  conferences  dans  un 
cadre  Conf identiel-OTAN.  Cette  protection  devrait  permettre,  nous  l'eapdrona,  davantage  de  liberty  d' ex¬ 
pression,  pour  le  plus  grand  profit  de  toute  la  communautd  AGARD. 


Ryfyrencea 
1/  CP  119 

2/  CP  187 

3/  CP  212 

4/  CP  235 

5/  CP  241 

6/  CP  242 

7/  CP  247 
8/  CP  260 
9/  CP  262 
10/ CP  280 
11/ CP  285 
12/  AR  82 
13/  AR  155 
14/ AG  234 
15/ CP  266 


Stability  and  Control 

FMP  Meeting  held  in  Braunschveig ,  Germany,  on  10-13  April  1972 

Flight/Ground  testing  facilities  correlation 

FMP  Meeting  held  at  Valloire,  France,  on  9-13  June  1975 

Aircraft  operational  experience  and  its  impact  on  safety  and  survivability 
FMP  Symposium  held  at  Sandefjord,  Norway,  31  May-3  June  1976 

Dynamic  Stability  Parameters 

FDP  Symposium  held  in  Athens,  Greece,  22-24  May  1978 
Fighter  Aircraft  Design 

Multi-Panel  Symposium  on  Fighter  Aircraft  held  at  the  Scuola  di  Guerra 
Aerea,  Florence,  Italy,  3-6  October  1977 

Performance  Prediction  Methods 

FMP  Specialists  Meeting  held  in  Paris,  France,  11-13  October  1977 
High  Angle  of  Attack  Aerodynamics 

FDP  Symposium  held  at  Sandefjord,  Norway,  on  4-6  October  1978 
Stability  and  Control 

FMP  Symposium  held  in  Ottawa,  Canada  on  25-28  September  1978 

Aerodynamic  Characteristics  of  Control 

FDP  Symposium  held  in  Pozzuoli,  Italy,  on  14-i7  May  1979 

The  Use  of  Computers  as  a  Design  Tool 

FMP  Symposium  held  in  Neubiberg,  Germany,  3-6  September  1979 

Subsonic/Transonic  Configuration  Aerodynamics 

FDP  Symposium  held  in  Munich /Neubiberg,  Germany,  5-7  May  1980 

The  Effects  of  Buffeting  and  other  Transonic  Phenomena  on  Maneuvering  Combat  Aircraft 
FMP  report  prepared  by  a  working  group  sponsored  by  the  Flight  Mechanics  Panel  (July  1975) 

Manoeuvre  Limitations  of  Combat  Aircraft 

FMP  report  prepared  by  a  working  group  sponsored  by  the  Flight  Mechanics  Panel  (August  1979) 
Active  Controls  in  Aircraft  Design 

AGARDograph  prepared  at  the  request  of  the  Guidance  and  Control  Panel  (November  1978) 

Operational  Roles,  Aircrew  Systems  and  Human  Factors  in  Future  High  Performance  Aircraft 
Aerospace  Medical  Panel's  Specialists  Meeting  held  in  Lisbon,  Portugal,  22-26  October  1975. 
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REVIEW  OF  PRACTICAL  EXPERIENCE  ON 
COMBAT  AIRCRAFT  MANOEUVRABILITY 


by 

Major  A.W.Henni.  RNLAF 
Hartmarlaar  30 
3760  XJ  Soest 
The  Netherlands 


SUMMARY 

Based  upon  practical  experience  in  both  air-to-air  and  air-to-ground  operations  with  F-8kF,  F-IOkG  and 
NF-5  fighter  aircraft,  an  assessment  is  given  of  the  importance  of  combat  aircraft  manoeuvrability. 

In  air-to-ground  operations  the  effect  of  limited  manoeuvrability  on  tactics  is  treated  in  terms  of 
speed/altitude  and  manoeuvrab i I i ty  requirements  during  ingress/egress  and  weapon  delivery,  in  relation 
to  attack  effectiveness  and  survivability  against  enemy  defences.  Present  shortcommi ngs  are  identified. 

For  air-to-air  operations  the  parameters  that  influence  the  outcome  of  a  manoeuvring  fight  are  identi¬ 
fied.  The  relation  between  manoeuvrability  and  tactics  is  discussed.  It  is  concluded  that  the  impact  of 
manoeuvrability  on  mission  effectiveness  becomes  less  prominent  at  increasing  total  number  of  air-to-air 
capable  aircraft,  fighting  in  a  limited  airspace. 

Dependent  on  the  type  of  operation,  d;sirable  improvements  in  manoeuvrab i 1 i ty  are  discussed  witi 
emphasis  on  turn  performance  (at  low  speeds),  rapid  speed  changes  and  direct  force  generation.  In  this 
context  human  tolerance  limits  are  taken  into  account.  It  is  stressed  that  the  main  problems  confronting 
a  fighter  pilot  in  the  Central  European  environment  are  not  related  to  manoeuvrability  but  to  the  availa¬ 
bility  of  military  subsystems. 


i NTRODUCT I  ON 

1.  The  mission  of  fighter  type  aircraft  in  a  conflict  in  broad  terms  is  to  participate  in  achieving  a 
favourable  air  situation  and  to  contribute  to  the  land,  sea  and  air  battle.  In  the  Central  European 
theatre  air  superiority,  the  freedom  to  fight  and  to  use  aircraft  where  and  when  desired  without  signifi¬ 
cant  hostile  interference  from  the  air,  has  to  include  not  only  the  suppression  of  the  effectiveness  of 
the  enemies  a i r -poten t i a  I  but  also  his  surface-to-air  weapons.  Therefore  air  superiority  has  to  include 
air-to-air  engagements,  counter  air  and  counter-SAM  operations.  The  latter  being  partly  a  fight  of  techno¬ 
logy,  partly  an  air-to  ground  operation  in  which  tactics  play  an  important  part.  Further  support  of  the 
battle  by  fighter  type  aircraft  is  done  by  air-to-ground  missions. 

2.  Potential  mission  effectiveness  of  combat  aircraft  is  determined  by  a  number  of  factors,  such  as  the 
pilot's  ability,  av  i  on  i  cs  ,  weapons  and  related  systems  and  the  perfornance  c ha rac t e r i st i c s  of  the  aircraft 
Manoeuvrab i 1 i ty ,  the  ability  to  change  direction  and  magnitude  of  an  aircraft's  velocity  vector,  is  the 
factor  in  the  performance  of  fighters  to  be  dealt  with  in  this  paper.  Basing  myself  upon  practical  expe¬ 
rience  as  an  operational  pilot  on  F-8kF  and  F-lOkG  and  as  an  Air  Combat  Tactics  instructor  on  F-104G  and 
NF-5,  I  wi I  I  give  my  personal  view  on  the  importance  of  combat  aircraft  manoeuvrability  both  in  air-to- 
ground  and  air-to-air  missions,  followed  by  some  thoughts  on  desirable  improvements.  In  conclusion,  some 
possibilities  will  be  mentioned  where  improved  weaponry  and  related  subsystems  can  compensate  for  lack  of 
manoeuvrab i I i ty . 


THE  IMPORTANCE  OF  MANOEUVRABILITY  IN  THE  A I R-TO-GROUND  ROLE 

3.  In  an  operational  mission  manoeuvrab i 1 i ty  is  an  asset,  used  by  the  pilot  in  order  to  accomplish  a 
task  to  the  best  of  his  abilities.  He  thereby  has  to  take  into  consideration  the  pos i b i I i t i es ,  or  rather, 
the  impossibilities  of  his  aircraft.  Unless  protected  by  perfect  ECM  and  IRCM,  high  speed  and  low  level 
flight  is  what  an  air-to-ground  pilot  wants  in  the  Central  European  high  threat  environment  during  ingress 
and  egress  and,  if  possible,  also  during  weapon  de I i very ; th* s  in  order  to  reduce  the  time  he  will  be 
exposed  to  enemy  defences.  During  a  mission  the  manoeuvring  qualities  of  an  aircraft  in  relation  with  air 


speed  is  one  of  the  factors  determining  how  closely  terrain  can  be  followed  in  low  level  flight  when  the 
pilot  wants  to  avoid  detection  by  enemy  radar  or  I.R.  5AM  systems.  In  this  respect  there  is  a  difference 
between  e.g.  the  NF-5  and  the  high  wingloaded  F-104.  It  is  noticeable  that  the  average  F-lOk  pilot  takes 
more  care  (^altitude)  in  performing  recoveries  from  a  pitch-down  attitude  than  his  colleague  in  a  low 
wingloaded  airplane  at  the  same  speed.  This  is  caused  by  the  fact  that  the  F-lOk  pilot  has  to  "pull"  more 
angle  of  attack  than  his  NF-5  colleague  in  order  to  achieve  the  same  amount  of  altitude  loss  in  dive 
recovery  at  equal  speed.  The  F-lOk  reaches  the  point  of  high-speed  stalling  at  a  certain  speed  earlier 
than  a  low  wingloaded  aircraft.  This  in  combination  with  the  F-lOk's  pitch  rate  limiting  system,  which  is 
easily  activated  when  pulling  G  following  a  so-called  bunt  manoeuvre  where  the  pilot  applied  negative  G 
to  follow  the  downslope  of  a  hill,  makes  the  F-10k  or  a  high  wingloaded  aircraft  in  general  less  suitable 
for  low  level  terrain-fol lowing  flight.  However,  in  my  opinion  improved  manoeuvrab i 1 i ty  in  manually-flown 
high  speed  low  level  missions  in  the  relatively  flat  Central  European  theatre  will  only  lead  to  minor  im¬ 
provements  in  the  attainable  minimum  altitude  because  of  the  predominancy  of  the  pilot's  ability  to  detect, 
interprete,  decide  and  react,  versus  speed.  In  a  threat  environment  with  sharp  ridges,  however,  enhanced 
manoeuvrabi 1 i ty ,  especially  when  this  leads  to  reduction  of  the  time  between  control  input  and  the  required 
change  in  aircraft  trajectory,  will  be  very  helpful.  In  the  context  of  terrain  following,  speed  is  a  very 
important  factor.  It  is  a  known  fact  that  with  speed  the  average  altitude  above  terrain  depending  on  pilots 
experience  increases  in  manually  flown  low  level  missions.  Both  high  speed  and  low  altitude  serve  the 
purpose  of  avoiding  detection  and  tracking  by  enemy  weapon  systems,  so  that  the  pilot  is  faced  with  con¬ 
flicting  requirements.  To  fly  really  low  level,  the  pilot  will  have  to  cut  down  his  speed  considerably, 
thus  sacrificing  manoeuvring  potential  which  makes  this  option  less  attractive.  In  fig.  1  the  required  and 
available  amount  of  positive  G  (for  W/S*120  and  90  lbs/ft2)  is  presented  for  an  aircraft  following  a  sinus 

shaped  contour  with  a  wavelength  of  1200  m  and  an  amplitude  of  30  m  at  different  speeds,  assuming  C  *1. 

max 


The  figure  shows  that  at  speeds  below  k15  kts  an  aircraft  with  a  wing  loading  of  1 20 lbs/ft2  is  not  able  to 
follow  the  contour.  Flying  high  speed  at  a  higher  average  altitude  makes  the  aircraft  detectable,  which  is 
not  attractive  either.  Systems  like  Radar  Warning  Receivers,  ECM,  IRCM  and  in  the  future  Missile  Launch 
and  Approach  Detectors  (MLAD)  may  be  able  to  compensate  for  the  enhanced  vulnerability  caused  by  increased 
detectability.  To  find  an  optimum  trade-off  between  speed  and  altitude  requirements  is  a  difficult  task, 
in  which  flight  test  against  ground-to-a i r  weapon  systems  and  subsequent  computer  simulations,  as  performed 
by  the  National  Aerospace  Laboratory  in  Amsterdam  for  example,  are  helpful.  Another  factor  that  has  to  be 
taken  into  account  is  that  low  level  r’de  qualities  usually  are  better  with  high  wingloaded  aircraft, 
thus  creating  diverging  demands  for  the  wing  loading  of  fighters  that  have  to  perform  low  level  missions 
at  high  speeds. 


it- 

£ 


3- 


k .  In  the  weapon  delivery  phase  of  the  a i r-to-ground  mission  manoeuvrab i l i ty  related  problems  are  of 
the  same  nature  as  described  above:  high  speed  and  low  level  flight  reduce  the  time  available  for  target 
acquisition  and  weapon  aiming,  inducing  the  need  for  fierce  last  second  manoeuvres  where  the  danger  of 
high  speed  stalling  is  ever  present.  Here  too  reducing  speed  or  flying  at  a  higher  altitude  to  enlarge 
the  time  available  for  target  acquisition  and  weapon  aiming,  results  in  an  increased  detectability  by 
enemy  defences.  Moreover,  reducing  the  speed  of  an  aircraft  that  was  designed  to  f’y  fast,  will  greatly 
reduce  manoeuvring  potential.  For  this  reason  this  option  is  not  a  viable  one. 

5.  A  problem  in  itself  is  the  significant  degradation  of  performance ,  including  manoeuvrab i 1  I ty ,  when 
aircraft  are  loaded  with  external  stores.  This  degradation  is  especially  felt  when  defensive  manoeuvring 
-as  a  precaution  or  defence  against  tracking  hostile  aircraft  or  SAM's-  is  necessary.  Weight  and  aero¬ 
dynamic  degradation,  especially  at  higher  angles  of  attack,  reduce  instantaneous  and  sustained  turn  per¬ 
formance  and  handling  qualities  to  such  an  extent  that  stores  will  often  have  to  be  jettisoned  in  evasive 
manoeuvres,  thus  leading  to  an  ineffective  mission. 

6.  In  conclusion  it  can  be  said,  that  in  the  a i r-to-ground  mission,  apart  from  defensive  manoeuvring 

against  SAM's  and  other  threats,  the  main  difficulty  in  fulfilling  the  requirements  for  avoiding  enemy 

ground-to-air  systems  is  the  dilemma  between  desired  speed,  altitude  and  pilot  reaction-time.  In  these 

missions  enhanced  manoeuvrabi 1 : ty  at  high  speeds  will  naturally  be  welcomed  by  pilots  because  it  gives  them 
more  opportunities  to  allow  for  late  reactions  and  last  second  corrections  but  will  not  overcome  afore 

said  dilemma.  Better  manoeuvrability  at  low  speeds  -  A-IO  like  -will  make  the  option  to  fly  low  and  slow 

to  achieve  timely  acquisition  of  targets  that  are  difficult  to  find,  more  viable  than  it  is  with  most  of 
present  generation  conventional  ground  attack  or  multirole  fighters.  In  my  opinion  however  the  fact  remains 
that,  especially  in  relatively  flat  Central  Europe  fighters  t^t  have  to  perform  air-to-ground  missions 
will  need  high  speed  performance  in  order  to  survive  in  the  present  high  threat  SAM/AAA  environment  facing 
NATO.  Therefore  an  aircraft  that  has  to  perform  in  various  types  of  air-to-ground  missions,  to  meet  the 
demands  for  ingress  and  egress  and  to  leave  open  the  option  of  flying  at  low  speeds  for  target  acquisition, 
retaining  the  capability  for  defensive  reactions,  needs  manoeuvrability  over  a  wider  speed  band  than  is 
presently  the  case. 


THE  IMPORTANCE  OF  MANOEUVRABILITY  IN  THE  AIR-TO-AIR  ROLE 

7.  In  air-to-air  combat  gaining  or  losing  advantage  can  be  expressed  as  changes  in  range,  relative 
position  (angle  off  tail)  and  angle  between  longitudinal  axes  of  the  opponents.  Performance  characteris¬ 
tics  that  are  important  in  bringing  about  those  changes  are  handling  qualities,  Specific  Excess  Power  (Ps), 
the  limits  of  the  f I i ghtenve 1  ope  and  related  to  the  previous  factors:  turn  performance. 

8.  Good  handling  qualities,  especially  at  high  angles  of  attack  ,  like  spin  and  departure  resistance, 
enable  the  pilot  to  perform  manoeuvres  up  to  the  edges  of  the  flight  envelope  without  the  risk  or  fear  of 
losing  control.  Attainable  pitch  and  roll  rate  are  important  factors  in  the  initiation  and  execution  of 
manoeuvres.  Ps  in  itself  and  in  relation  with  angle  of  attack  and  load  factor  is  a  parameter  of  paramount 
importance  in  the  manoeuvrability  problem.  It  not  only  enables  an  aircraft  to  climb  and  accelerate  but 
also  provides  the  energy  to  turn.  Favourable  Ps  figures  give  the  pilot  the  opportunity  to  change  range, 
relative  position  and  angle  between  longitudinal  axes  relative  to  his  opponent  favourably.  The  Ps  figures 
for  a  given  airplane  are  very  dependent  upon  the  load  factor.  If,  under  set  circumstances,  an  airplane 
has  advantageous  Ps  figures  in  1  G  conditions,  the  balance  might  shift  considerable  when  pulling  G's. 

This  effect  is  shown  in  fig.  2. 
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Wing  loadings  and  aerodynamic  properties  such  as  characteristics  are  accountable  for  this  pheno¬ 

menon.  Another  factor  that  influences  turn  performance  is  the  relationship  between  speed  and  available 
sustained  and  instantaneous  G.  Attainable  turn  rate  and  radius  are  directly  related  to  these  figures. 
Available  G  at  a  certain  speed  is  dependent  upon  design  load  limit  and  stalling  speed  (V^).  An  often  used 
way  to  present  the  relationship  i;atween  turn  rate  (<•»),  radius,  Ps,  load  factor  and  speed  at  a  certain 
altitude  is  presented  in  figure  3- 


From  graphs  like  this  we  can  learn  that  a  fighter  pilot  who  wants  to  change  the  relevant  parameters  in  an 
air-to-air  engagement  to  his  advantage  would  like: 

a.  The  lift  limit  at  a  lower  speed  than  his  opponent.  This  enables  him  to  turn  at  small  radii  and 

manoeuvre  inside  of  his  opponent's  turn,  thus  reducing  the  range  by  "cutting  corners".  The  resulting 
higher  instantaneous  turn  rate  enables  the  pilot  to  gain  "angles"  on  his  opponent.  Lowering  the  lift 
limit  speed  will  also  bring  the  manoeuvre  point,  the  point  where  maximum  turn  rate  and  nearly  mini¬ 
mum  radius  can  be  reached  simultaneously,  at  more  favourable  values. 
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b.  A  higher  design  load  factor  than  his  opponent.  Ths  results  in  better  torn  rate  and  radius 
at  high  speeds. 

c.  Higher  Ps  values  than  his  opponent.  This  enables  the  pilot  to  manoeuvre  with  less  energy  bleed  off 
allowing  him  to  continue  a  manoeuvring  fight  longer. 


Fulfilment  of  these  wishes  paired  with  good  handling  qualities  theoretically  enables  a  pilot  to  gain  ad¬ 
vantage  in  any  one  versus  one  engagement.  However,  other  factors,  like  visibility  from  the  cockpit,  air¬ 
craft  size,  engine  smoke,  weapon  system  and  avionics  play  an  important  part  too.  When  we  compare  the  «»- 
speed  graphs  of  various  airplanes,  relative  strong  and  weak  points  in  the  performance  of  adversaries  and 
own  aircraft  can  be  found.  This  provides  opportunities  to  compensate  for  lack  of  manoeuvrability  by  using 
proper  tactics. 


TACTICAL  PRINCIPLES  AND  TACTICAL  DOCTRINES 

9,  In  WW  I  the  Red  Baron  was  alleged  to  have  said  "When  your  opponent  fires  at  the  zig,  you  have  to  be 
in  the  zag  and  when  he  fires  at  the  zag,  you  have  to  be  in  the  zig".  This  still  is  the  basis  of  defensive 
manoeuvring.  Take  care  never  to  be  co-located  with  the  opponent’s  projectiles  or  missiles.  Another  maxim 
of  the  old  days  still  holds:  try  to  manoeuvre  for  your  opponent’s  deep  six  o'clock.  This  means  try  to  get 
low  behind  the  opponent  because  he  cannot  see  you  there  and  it  is  a  good  position  from  which  to  close  in 
for  the  use  of  short  range  weapons.  In  air-to-air  engagements  the  sun  and  clouds  are  still  used  for  the 
same  purpose  as  in  WW  I.  A  rule  like  "never  be  predictable"  is  still  valid.  Modern  fighters  look  quite 
different  from  their  predecessors  and  the  flight  envelopes  have  shifted  to  higher  speeds,  altitudes 
and  load  factors,  but  the  manoeuvres  they  can  perform  are  still  the  same:hard  turns,  treaks.  scissors, 
loopings,  barrel-rolls  etc.  The  entity  of  general  rules,  use  of  meteorological  conditions,  use  of  the 
sun  and  the  available  two  and  three  dimensional  manoeuvres  are  called  Tactical  Principles.  Basically 
these  principles  have  not  changed  in  the  history  of  air  combat. 

10.  When  we  look  at  a  one  versus  one  engagement  between  an  F-lOk  G  and  an  NF-5  we  are  dealing  with  an 
aircraft  with  a  relatively  high  thrust  to  weight  ratio  and  ditto  wing  loading  and  one  with  a  low  thrust 
to  weight  ratio  and  wing  loading.  On  top  of  that  the  NF-5  has  better  handling  character i st ics  and  a  lower 
Vs  than  the  F- 1 04  G.  Design  load  factors  are  equal.  These  performance  characteristics  and  interpretation 
of  the  respect  i  ve  '"-speed  graphs  (not  included  in  this  paper  for  classification  reasons)  lead  to  the  con¬ 
clusions  that  the  NF-5  has  an  advantage  in  roll  and  pitch  initiation  and  in  instantaneous  and  sustained 
turns  at  lower  speeds.  At  higher  speeds  the  NF-5  and  F-10k  are  equal  qua  instantaneous  turn  and  the  F-lOk 
gains  some  advantage  in  Ps,  an  advantage  that  is  largely  reduced,  or  even  changed  into  a  d i ^advantage , 
under  high  G  conditions  because  of  the  rather  drastic  increase  in  induced  drag  (see  fig.  2).  For  these 
reasons  the  NF-5  pilot  will  try  to  conduct  a  manoeuvring  engagement  against  an  F-10k  -  like  aircraft  at 
speeds  below  the  transonic  region,  whereas  the  F-10k  pilot  has  to  keep  his  speed,  or  better,  the  sum  of 
potential  and  kinetic  energy  up  to  avoid  entering  the  zone  where  his  opponent  is  superior.  However,  as  a 
turning  fight  progresses,  both  aircraft,  trying  to  gain  angle  and  range,  will  lose  energy,  because  the 
required  turn  rate  and  radius  will  force  the  pilots  to  pull  more  than  sustainable  G.  This  will  cause  both 
aircraft  to  slow  down,  eventually  leading  the  F-lOk  into  an  area  of  the  flight  envelope  where  the  NF-5  »s 
superior.  Before  this  occurs,  the  F-lOk  pilot  will  have  to  leave  the  fight  because  continued  manoeuvring 
will  bring  him  in  the  situation  where  his  only  advantage  over  the  NF-5,  a  higher  Ps  at  transonic  speeds, 
is  lost.  Here  we  see  that  although  both  aircraft  are  capable  of  using  the  same  tactical  principles,  each 
of  them  will  tend  to  use  only  those  that  do  not  bring  at  risk  the  aircraft's  relevant  super i or i t i es .  In 
general,  for  an  NF-5  this  means:  do  not  try  to  run  away  from  a  fast  F-lQk,  but  force  an  overshoot.  The 
F-lOk  pilot  will  refrain  from  pursuing  an  NF-5  if  this  means  sacrificing  energy  to  a  point  where  his 
ability  to  run  away  -  disengage  -  is  in  danger. 
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n.  Where  in  a  one  versus  one  environment  -  weapon  systems  and  pilot  ability  being  about  equal  - 
manoeuvrability  and  flight  envelope  are  the  factors  dominating  the  outcome  of  the  engagement,  things 
change  when  more  air-to-air  capable  aircraft  enter  the  scene.  A  numerial  superiority  can  compensate 
for  lack  of  performance  and  manoeuvrability  because  it  is  very  difficult  to  respond  adequately  to  the 
manoeuvring  of  two  aircraft  simultaneously.  Manoeuvring  against  one  will  give  the  other  opponent  the 
opportunity  to  gain  an  advantageous  position.  When  we  consider  more  aircraft  in  a  relatively  small 
piece  of  sky  the  factor  "situation  awareness"  has  to  be  mentioned  too.  In  my  experience  the  maxim  "it's 
the  one  you  don't  see  that  kills  you"  becomes  frightfully  true.  Once  the  opponents  know  each  others  where¬ 
abouts  the  outcome  of  the  fight  is  dominated  by  relative  numbers  and  performance.  In  my  opinion,  however, 
situation  awareness  -  to  get  to  know  the  whereabouts  of  threats,  targets  and  friends  -  in  a  multi  air¬ 
craft  air-to-air  engagement  is  the  more  important  factor  provided  that  all  participants  use  the  right 
tactics.  Of  course,  also  in  the  air-to-air  environment  enhanced  manoeuvrability  adds  to  an  aircraft's 
offensive  and  defensive  abilities;  to  know  when  to  go  into  the  offense  or  defense,  however,  is  especially 
in  a  crowded  air-to-air  arena  of  more  importance. 
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DESIREO  IMPROVEMENTS 

12.  Introduction.  In  the  previous  paragraphs  I  reached  the  conclusions  that  in  an  air-to-ground 
mission  in  the  high  threat  environment  to  be  expected  in  Central  Europe  the  dilemma  between  pilot-reaction 
time,  speed  and  altitude  and  the  problem  of  target  acquisition  are  the  main  factors  hindring  the  achieve¬ 
ment  of  the  high  speed  -  low  level  profile  that  is  desired  during  ingress  and  egress  in  order  to  avoid 
enemy  ground-to-air  defenses.  Enhanced  manoeuvrability  in  this  mission  will  help  the  pilot  to  fly  slightly 
lower  at  the  same  speed  and  will  be  useful  in  the  weapon  delivery  phase  to  make  aiming  corrections.  In  the 
air-to-air  mission  and  also  in  the  air-to-ground  mission  during  reactions  to  air  or  surface-to-air  threats, 
enhanced  manoeuvrability  will  enlarge  the  offensive  and  defensive  capability  of  fighter  aircraft.  Situa¬ 
tion  awareness,  however,  is  the  prerequisite  to  offensive  or  defensive  reactions  and  as  such,  in  a  complex 
air-to-air  arena,  predominant  to  a  high  degree  of  manoeuvrability  because  the  use  of  suitable  tactical 
doctrines  can  compensate  for  lack  of  it.  In  the  following  part  of  this  paper  I  will  go  into  desired  im¬ 
provements  in  manoeuvrability.  Aspects  like  training,  avionics,  displays,  weapons  and  weapon  systems,  how¬ 
ever,  cannot  remain  unmentioned. 

13.  Improved  manoeuvrability.  In  the  air-to-ground  mission  during  ingress  and  egress  through  dense  SAM 
defenses  manoeuvrability  is  used  for  the  purpose  of  terrain  following,  avoiding  obstacles,  following 
valleys  and  up-  and  down  slopes  of  hills.  A  desirable  improvement  in  this  area  is  to  allow  for  high  in¬ 
stantaneous  pitch  rates  (reducing  the  risk  or  pilot's  fear  for  high  speed  stalls  and  subsequent  altitude 
loss).  Possibly  highly  responsive  automatic  manoeuvring  flaps  and  less  detrimental  aerodynamical  effects 
of  external  stores  at  high  angles  of  attack  can  offer  solutions  here.  The  use  of  direct  force  generation 
in  my  opinion  is  a  promising  development  in  this  field.  Altitude  variations  for  the  purpose  of  avoiding 
obstacles  and  closely  following  the  terrain,  with  this  technique  can  be  obtained  without  changing  aircraft 
attitude.  Direct  force  generation  in  a  lateral  direction  offers  the  possibility  to  avoid  obstacles  without 
having  to  bank  and  turn  the  aircraft,  a  manoeuvre  which  is  pretty  scaring  and  dangerous  for  the  average 
pilot  because  of  the  limited  realistic  very  low  level  flight  training  attainable  in  Central  Europe.  In  the 
target  acquisition  and  weapon  delivery  phase,  especially  in  the  high  threat  areas  near  the  front  lines  and 
around  important  targets,  enhanced  manoeuvrability  can  play  an  important  part.  As  mentioned  before,  acquir¬ 
ing  targets,  especially  concealed  ones,  takes  time.  This  means  that  a  pilot  has  to  fly  higher  to  enlarge 
his  acquisition  range  or  fly  slower  to  enlarge  the  time  available  for  finding  the  target  or  a  combination 
of  these  options.  The  first  option  means  a  higher  detectability  by  enemy  defences,  the  second  one  loss  of 
manoeuvring  potential.  The  main  problem,  acquiring  targets,  can  only  be  solved  by  advanced  sensor  and  dis¬ 
play  technology.  Enhanced  manoeuvrability  can  be  helpful  in  providing  the  pilot  with  means  to  choose,  de¬ 
pending  on  the  threat  and  other  c i rcumstances ,  whether  to  fly  higher  or  slower.  This  means  that  manoeuvr¬ 
ing  potent  al  should  be  available  also  at  relatively  low  speeds.  This,  however,  in  combination  with  the 
ability  to  accelerate  quickly  in  order  to  retain  an  aircraft's  prime  offensive  and  defensive  strength: 

the  ability  to  change  its  position  threedimensional ly  over  long  distances  in  a  short  time. 
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In  the  weapon  aiming  and  delivery  phase  of  a  mission  manoeuvrability  plays  its  role  in  preventive  jinking 
(irregular  threedimensional  changes  in  direction)  against  ground-to-a i r  threats  (provided  that  the  weapon 
aiming  computer  can  handle  the  resulting  aiming  computations)  and  in  precise  manoeuvring  during  the  final 
part  until  weapon  release.  At  medium  and  high  speeds  present  fighters  possess  sufficient  manoeuvring  po¬ 
tential  for  jinking.  At  lower  speeds,  however,  especially  with  external  stores,  improvements  are  desira¬ 
ble. 

14.  In  the  field  of  improved  manoeuvrability  for  the  a  1 r-to-ground  mission  fast  responding  automatic 
manoeuvring  flaps,  thrust  vector  control  and  improved  aerodynamic  characteristics  of  external  stores  at 
high  angles  of  attack  can  improve  instantaneous  and  low  speed  turn  performance,  whereas  high  Ps  values 
are  necessary  for  required  accel lerat ion  and  sustained  performance.  Variable  geometry  wings  can  take  care 
for  better  low  speed  characteristics  while  retaining  high  speed  low  level  cruise  qualities.  Oirect  force 
generation,  vertical  and  lateral,  will  make  terrain  following  more  easy  for  the  average  piiot.  In  combi¬ 
nation  with  advanced  fire  control  computers  direct  force  generation  will  add  finesse  to  the  aiming  of  un- 
gu i ded  weapon s . 

15.  In  the  air-to-air  role  design  load  limit  as  offered  by  aircraft  such  as  the  F- 1 6  in  my  opnlon 

touches  the  fringes  of  what  the  human  body  can  endure.  Improvements  In  manoeuvrability  therefore  can  only 
be  found  in  extending  the  flight  envelope  where  the  design  load  limit  can  be  reached  or  sustained.  This 
comes  down  to  improving  the  position  and  course  of  the  lift  limit  line  In  the  graph  shown  In  paragraph  6 
and  by  enhancing  the  Ps  values.  This  means  low  wing  loading,  favourable  relation*  and  high  thrust 

to  weight  ratio’s.  The  new  generation  of  fighter  aircraft  designed  for  air  combat  as  well  as  R  and  D  In 
this  field  show  that  these  I  terns  get  ample  attention.  Rightly  so.  New  technology,  associated  with  direct 
force  generation  and  thrust  vector  control,  will  play  a  part  In  furthar  improvements  In  manoeuvrabl 1  I ty . 

16.  Improved  systems.  As  stated,  the  main  problem  In  the  a  I r-to-ground  mission  Is  target  acquisition 
under  conditions  of  high-speed  low-level  flight  as  necessitated  by  the  ground-to-a I r  threat  In  Central 
Europe.  As  long  as  these  conditions  prevail  manoeuvrability  helps  the  pilot  to  perform  his  mission. 
Advanced  sensor  and  display  technology  can  assist  in  target  acquisition.  Major  improvements  In  the  air- 
to-ground  mission  effectiveness  can  in  my  opinion,  however,  only  be  expected  when  fighter  aircraft  regain 
the  survivable  use  of  three  dimensions,  including  altitude.  For  this,  efficient  ECM,  IRCM  and  threat 
warning  as  well  as  offensive  options  against  ground-to-a i r  systems,  are  necessary. 

17.  In  the  air-to-air  arena  the  basic  problem  is  situation  awareness.  So  far  the  means  for  situation 
awareness  available  to  the  fighter  pilot  are  his  forward  looking  radar,  his  eyes,  a  radar  warning  system 
and  radio  information  from  intercept  controllers.  This  will  do  perfectly  well  in  a  surveyable  situation. 
Manoeuvrability  and  weapon  system  in  that  case  are  predominant.  In  the  rather  un su*' veyab l e  air  situation 
that  can  be  expected  during  a  conflict  in  the  Central  Region  enhanced  manoeuvrability  will  do  little  to 
improve  mission  effectiveness  unless  accompanied  by  means  to  improve  the  pilot’s  view  of  the  situation. 
Improved  radar  coverage  and  better  means  for  identification  and  threat  warning  in  my  opinion  are  more 
badly  needed  than  improved  manoeuvrab i 1 i ty  beyond  that  already  offered  by  the  new  generation  of  fighters 
that  were  or  are  being  designed  for  air-to-air  work. 

1 8 .  Manoeuvrability  and  weapons.  Weapons  like  high  energy  lasers  are  no  longer  pure  science  fiction. 

In  combination  with  sensors  and  fire  control  computers  directed  laser  beams  can  become  a  defensive  weapon 

that  takes  away  most  of  the  necessity  for  defensive  manoeuvring  against  guided  missiles.  Precision  guided 

a i r-to-ground  weapons  can,  if  delivery  parameters  become  such  that  they  are  useful  under  European  circum¬ 

stances,  overcome  the  need  for  precise  manoeuvring  for  weapon  aiming. 

19.  In  the  air-to-air  mission  of f -bore-s i ght  all-aspect  missiles  can  compensate  for  limited  manoeuvra¬ 
bility.  Manoeuvring  to  bring  a  target  within  launch  parameters  will  be  an  easier  job  with  these  missiles. 
Use  of  these  missiles  in  an  air-to-air  engagement  will  also  reduce  the  effect  of  defensive  manoeuvring 
because  it  will  be  harder  to  stay  or  get  out  of  the  launch  envelope.  The  only  hope  is  to  stay  out  of 
missile  range  or  upset  the  missile’s  tracking  or  guidance  systems. 
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20.  Technological  developments  in  the  military  subsystems  tend  to  make  manoeuvrab i 1 i ty  requirements 
less  demanding.  On  the  other  hand,  new  weapons  tend  to  provoke  new  defensive  systems.  It  can  therefore 
be  expected  that  the  historical  trend,  in  which  neither  IR  nor  Radar  missiles  banned  out  the  close-in 
manoeuvring  fight,  continues.  Manoeuvrab i I i ty  therefore  will  continue  to  be  a  valuable  asset  in  a 

f i ghter ' s  mission. 

CONCLUSION 

21.  With  respect  to  the  manoeuvrability  already  achieved  by  the  new  generation  of  fighter  aircraft 
with  an  air-to-air  task,  main  improvements  leading  to  more  effective  missions  are  to  be  expected  from 
systems  that  overcome  the  basic  problems  confronting  the  present  fighter  business  namely: 

a.  Regain  the  full  use  of  the  vertical  dimension  in  the  Centra)  European  threat  environment  with 
reasonable  survivability. 

b.  Target  acquisition. 

c.  Situation  awareness  in  multi  aircraft  engagements. 

22.  Technological  developments  in  the  military  subsystems,  however,  to  my  expectation  will  not  fully 
overcome  the  problems  and  manoeuvrability  will  continue  to  play  its  important  part.  Enhancements  in 
manoeuvrability  therefore  deserve  continued  attention.  Bearing  in  mind  human  limitations,  fields  where 
improvements  can  be  found  are  low  speed  sustained  and  instantaneous  turn  performance,  direct  force  gene¬ 
ration  and  enhanced  ability  to  change  speed. 
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SUMMARY 

Based  on  recent  experience  with  Air  Force  and  Naval  aircraft,  the  current  flying 
qualities  specification  is  evaluated  for  application  on  a  future  fighter  design. 

The  recent  experience  includes  analog  and  digital  fly-by-wire  flight  control  systems 
having  multiple  redundancy  levels,  and  significant  control  law  variations.  Some  specific 
observations  are  shared  on  the  following  topics  with  regard  to  the  flying  qualities  in 
general  and  the  specification  in  particular: 

.  time  delays 

.  force  commands 

.  forward-loop  integration 

high  gains 

.  signal  blending 

.  equivalent  systems 

.  pilot  location 

.  high  angle  of  attack 

.  roll  performance 

.  systems  integration 

In  addition,  some  general  observations  are  made  on  the  use  of  MIL-F-8785B,  and  a 
Navy  conducted  survey  on  the  effectiveness  of  the  flying  qualities  specification  is  dis¬ 
cussed. 


1.  INTRODUCTION 

We  have  noticed  a  signficant  erosion  in  confidence  with  our  flying  qualities  speci¬ 
fication  in  recent  years.  And  with  this  erosion  in  confidence  has  come  a  lack  of  commit¬ 
ment  to  understand  the  specification,  and  to  actively  utilize  the  specification  guidance 
during  the  evolution  of  the  design.  For  a  number  of  designers,  MIL-F-8785B  or  C  has 
essentially  become  and  after-the-fact  check  list  that  is  often  perceived  to  be  more  of  a 
burden  than  an  asset. 

There  are  several  reasons  for  this  situation.  First,  the  specification  is  derived 
from  data  on  simple  airplanes  with  simple  control  systems  but  our  airplanes  with  advanced 
flight  controls  constitute  complex  systems.  The  relevancy  and  the  adequacy  of  the  speci¬ 
fication  to  handle  these  complex  systems  appropriately  is  therefore  brought  into  question 

Second,  the  specification  used  to  be  the  primary  tool  for  evaluating  the  flying 
qualities  prior  to  first  flight.  Flight  simulators,  of  increasing  sophistication  as  the 
design  progresses,  are  now  utilized  as  an  integral  part  of  the  design  process.  The  com¬ 
putational  capabilities  available  to  support  simulation  hardware  can  model  the  complex 
aircraft  and  flight  control  systems  for  pilot  evaluation.  Indeed,  the  design  of  advanced 
aircraft  today  is  virtually  unthinkable  without  substantial  flight  simulation  support. 
Because  of  its  sophistication  and  direct  involvement  with  pilots,  the  simulator  may  be 
more  readily  believed  than  the  specification,  whether  warranted  or  not. 

The  third  major  reason  is  resource  limitations.  The  pressure  to  produce,  at  a 
reasonable  risk,  a  satisfactory  fighter  design  with  the  minimum  investment  of  resources 
is  the  essence  of  the  competitive  aircraft  business.  This  concern  is  not  conducive  to 
supporting  the  significant  effort  required  to  continuously  cycle  the  latest  design  para¬ 
meter  through  a  comparison  with  the  specification  while,  in  parallel,  supporting  a  flight 
simulation  effort.  The  commitment  of  resources  will  inevitably  be  further  confounded  by 
a  significant  aerodynamic  or  flight  control  redesign.  The  specification  effort  will 
characteristically  suffer  even  further  under  these  conditions. 


Acknowledging  that  the  above  reasons  and  others  have  been  used  to  justify  deemphasis 
of  the  flying  qualities  specification,  let  us  now  examine  some  reasons  for  reemphasizing 
the  specification. 

First,  the  specification  is  the  most  complete  compilation  of  flying  qualities  cri¬ 
teria  available.  The  criteria  contained  in  the  specification  have  evolved  as  aircraft 
technology  has  evolved.  The  supporting  data  is  unrivaled. 

Second,  our  more  recent  aircraft  designs  with  their  flight  control  systems  designed 
on  flight  simulators  have  been  disappointing.  Advanced  control  system  technology  is 
recognized  to  have  great  potential  for  providing  enhanced  flying  qualities,  but  our  new 
aircraft  are  approaching  first  flight  with  some  fundamentally  bad  flying  qualities.  One 
recent  design  has  required  three  years,  several  signficant  control  law  changes,  and  a 
complete  change  in  design  philosophy  before  approaching  satisfactory  flying  qualities 
characteristics.  The  A-9,  A-10,  F-16,  F-17,  F-18  and  Space  Shuttle  have  all  had  funda¬ 
mental  and  significant  flying  qualities  deficiencies  which  were  undetected  until  early 
flights,  or  were  exposed  during  in-flight  simulations  prior  to  first  flight.  A  more 
active  involvement  of  the  specification  during  the  design  and  development  could  have 
prevented  many  of  the  problems  encountered. 

The  purpose  of  this  paper  is  to  communicate  our  feeling  that  the  flying  qualities 
specification  needs  to  be  more  instrumental  in  guiding  the  advanced  control  system 
design,  and  to  discuss  some  of  the  subtleties  involved. 

2 .  NAVY  EXPERIENCE 

The  applications  of  8785  to  aircraft  utilizing  advanced  flight  control  systems  have 
certainly  been  limited  in  number.  However,  this  admittedly  limited  exposure  to  advanced 
flight  control  characteristics  has  shown  no  examples  of  satisfactory  flying  qualities 
which  the  specification  indicates  to  be  unsatisfactory.  In  that  sense  our  flying  quali¬ 
ties  specification  has  not  unduly  restricted  innovative  control  law  implementation. 
Further,  tailored  application  with  an  open  mind  has  allowed  even  such  innovations  as  com¬ 
plete  reliance  on  fly-by-wire. 

There  have,  however,  been  numerous  examples  of  control  laws  which  were  introduced  to 
improve  the  flying  qualities  over  and  above  the  specification,  but  were  instead  a  source 
of  flying  qualities  decay.  Four  specific  examples  which  will  be  discussed  are:  inappro¬ 
priate  blending  of  signals  to  be  nulled  by  forward-loop  integration;  high  forward-loop 
gains;  force  rather  than  displacement  command  signal  for  the  pilot;  and  forward-loop  in¬ 
tegration. 

2.1  Time  Delay 

The  major  specification  shortcoming  uncovered  during  the  Navy’s  most  recent  fighter 
design  was  the  need  to  stipulate  the  allowable  time  delay  between  the  pilot's  command  and 
the  associated  aircraft  response.  The  latest  revision  to  the  flying  qualities  specifica¬ 
tion,  MIL-F-8785C,  contains  the  time  delay  limits  shown  in  Figure  1,  which  satisfy  this 
need . 


TABLE  XIV.  Allowable  airplane  response  delay. 


Level 

Allowable  Delay,  Sec 

i 

0.10 

2 

0.20 

3 

0.25 

Figure  1  -  MIL-F-8785C  Time  Delay  Requirement 


While  the  importance  of  the  equivalent  time  delay  as  a  pilot  acceptance  parameter 
was  highlighted  on  an  aircraft  using  a  digital  flight  control  computer,  the  portion  of 
the  time  delay  attributable  to  the  digital  computer's  inherent  characteristics,  i.e.  the 
computational  cycle  time,  was  a  relatively  small  portion  (less  than  10%)  of  the  total. 

The  major  contribution  was  the  cascading  effects  of  prefilters,  structural  filters,  dy¬ 
namic  shaping,  etc.,  etc.  Thus  the  substantially  increased  capacity  of  digital  computer 
to  implement  control  laws  and  the  innovativeness  of  the  controls  engineers  to  utilize 
this  capacity  produced  unacceptable  performance  during  tight  tracking  tasks. 

Examining  equivalent  time  delay  values  on  previous  aircraft  having  limited-authority 
augmentation  and  a  direct  command  signal  to  the  aerodynamic  surfaces,  we  find  values  of 
equivalent  time  delay  which  exceed  the  0.1  sec.  Level  1  limit  and  even  approach  the  Level 
2  limit  value.  For  example,  the  equivalent  time  delay  for  the  longitudinal  response  of 
the  F-14  is  0.15  seconds;  for  the  A-7,  0.17  seconds.  For  these  aircraft,  only  the  surface 
actuator  and  the  stick  dampers  contribute  to  the  equivalent  time  delay.  Clearly,  insert¬ 
ing  additional  higher  order  elements  in  the  system  may  ruin  the  tight  tracking  performance 
unless  compensating  changes  are  made  to  the  basic  elements. 
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The  focus  on  time  delay  is  critical  to  providing  satisfactory  tight  tracking  per¬ 
formance.  The  insidious  nature  of  time  delay  is  illustrated  by  the  inability  of  either 
dynamic  analysis  or  piloted  flight  simulation  (at  levels  which  would  be  considered 
adequate  by  any  measure)  to  uncover  significant  problems  with  both  the  Shuttle  and  the 
F-18.  Only  with  the  help  of  in-flight  simulation  (references  1  and  2)  were  the  charac¬ 
teristics  ultimately  defined  and  appreciated  by  the  pilots. 

2.2  Force  Commands 

The  advantages  of  using  force  commands  rather  than  displacement  are  the  phase  lead 
(or  lack  of  lag)  in  the  command  path,  and  maintaining  control  after  a  mechanical  jam.  A 
disadvantage  is  the  substantial  filtering  required  to  attentuate  the  structural  mode/con¬ 
trol  system  coupling.  For  trainer  aircraft,  a  second  disadvantage  is  the  complex  mechani¬ 
zation  of  the  cockpit  controls  so  that  the  instructor  pilot  can  readily  monitor  the  stu¬ 
dent's  control  strategy  by  viewing  the  motion  of  his  own  control.  One  of  the  contemporary 
fighters  has  managed  nicely  with  a  force  command  system  implemented  on  a  side  arm  con¬ 
troller.  Another  fighter/attack  vehicle,  which  originally  used  force  command  implemented 
through  a  conventional  center  stick  arrangement,  is  being  modified  to  a  displacement 
command  center  stick  in  order  to  relieve  some  of  the  required  filtering.  Had  the  required 
filtering  been  added  to  accomodate  the  force  command  mechanization,  there  would  have  been 
an  associated  deterioration  of  the  tight  tracking  task  performance,  corresponding  to  the 
increased  equivalent  system  time  delay.  So  for  this  particular  example,  the  benefits  of 
phase  lead  were  overcome  by  the  required  compensation  to  such  a  degree  that  remechaniza¬ 
tion  was  necessary  to  achieve  satisfactory  characteristics. 

2.3  Forward-Loop  Integration 

Incorporating  forward-loop  integration  as  a  means  of  providing  constant  load  factor 
to  stick  force,  or  constant  roll  rate  to  stick  force,  throughout  the  flight  envelope  must 
appear  attractive:  several  contemporary  flight  control  systems  utilize  such  mechaniza¬ 
tions.  The  U.S.  Navy  currently  does  not  share  that  view  for  the  following  reasons: 
forward-loop  integration  of  normal  load  factor  error,  pitch  rate  error,  or  a  weighted 
blend  of  the  two  produces  neutral  speed  stability  (and  positive  speed  stability  is  still 
a  Navy  requirement) :  no  significant  benefits  are  derived  from  the  increased  complexity; 
and  the  resulting  tendency  for  constant  dynamic  response  characteristics  over  a  range  of 
flight  conditions  is  unnatural,  and  deprives  the  pilot  of  information  useful  in  monitor¬ 
ing  the  flight  state  of  his  aircraft. 

Unquestionably  the  flying  qualities  specifications  tailored  for  specific  procurements 
have,  in  the  past,  so  tightly  constrained  some  aspects  of  vehicle  response  (such  as  es¬ 
tablishing  an  upper  limit  on  roll  rate  which  is  inappropriately  close  to  the  lower  limit 
on  roll  rate)  that  use  of  an  integrator  has  been  encouraged  if  not  required.  However, 
the  current  acceptance  reaions  of  MIL-F-8785B  and  C  have  been  and  are  being  met  without 
resorting  to  forward-loop  integration.  This  practice  is  encouraged. 

2.4  High  Gains 

High  forward-loop  gains  are  attractive  for  quickening  the  vehicle  in  regions  of 
characteristically  sluggish  response.  The  logic  is  intuitively  attractive.  How  high  the 
forward-loop  gain  should  be  to  provide  the  enhancement  without  provoking  a  sensitivity 
problem  is  less  clear,  and  is  not  explicitly  addressed  in  the  specification. 

Numerous  instances  of  unsatisfactory  control  sensitivity  have  been  experienced  with 
the  advanced  flight  control  systems.  The  standard  measures  of  sensitivity  such  as  stick 
force  per  g,  and  roll  performance  per  stick  force,  indicated  the  advanced  flight  control 
system  to  be  nicely  entrenched  in  the  Level  1  region  of  the  specification.  However,  there 
were  significant  differences  in  the  initial  response.  For  overly  sensitive  configurations, 
the  initial  acceleration  values  were  higher  than  the  corresponding  Level  1  values  for  an 
equivalent  system.  For  the  sluggish  configurations,  the  initial  accelerations  were  below 
the  equivalent-system  Level  1  values.  The  implication  here  is  that  while  advanced  flight 
control  systems  provide  a  limitless  variety  of  control  law  combinations  which  will  satisfy 
the  letter  of  the  specification,  consideration  must  be  given  to  the  fundamental  response 
characteristics  which  provided  the  data  base  for  the  specification.  For  example,  the  bank 
angle  response  requirements  were  derived  for  control  laws  giving  an  initial  roll  accelera¬ 
tion  linearly  varying  with  command,  and  the  combination  of  the  values  of  roll  acceleration 
and  roll  damping  would  uniquely  establish  the  bank-angle  response  characteristics.  Figure 
2.  Thus  the  pilot  acceptance  regions  could  justifiably  have  been  expressed  either  as  com¬ 
binations  of  roll  acceleration  and  roll  damping  or  by  the  currently  stipulated  bank-angle 
response  criteria.  The  choice  was  arbitraty,  except  perhaps  for  considerations  of  con¬ 
venience  or  ease  of  interpretation.  The  specification  can  be  credibly  interpreted  only 
as  levels  of  bank  angle  response  achieved  with  the  associated  combinations  of  roll  damping 
and  roll  acceleration.  Calling  for  high  levels  of  initial  roll  acceleration  to  be  quickly 
cancelled  by  feedback  and  forward-path  integration  providing  the  characteristics  illustratec 
in  Figure  3  is  clearly  outside  the  specification  guidance.  Providing  modestly  high  for¬ 
ward  path  gains  to  alleviate  sluggish  response  levels  is  appropriate,  but  both  ff.  and  Lfs 
should  be  within  the  acceptance  region.  1 

An  analogous  situation  exists  in  the  longitudinal  mode.  The  specification  was  de¬ 
rived  for  control  laws  having  the  control  anticipation  parameter,  CAP  =  <?0/nss  always 
equal  to  the  variation  of  normal  load  factor  to  angle-of-attack  sensitivity  with  short 
period  frequency,  wn2/na.  However,  as  a  practical  matter  there  can  be  significant  dif¬ 
ference  between  CAP  and  wn2/na  for  unsophisticated  control  systems,  as  discussed  from 
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various  viewpoints  in  references  3,  4,  and  5,  due  to  the  lag  contributions  of  stick  dam¬ 
pers  and  actuator  dynamics.  The  use  of  forward-loop  integration,  high  forward-loop  gains, 
and  the  associated  additional  prefiltering  can  cause  even  further  distortion  in  the  CAP, 
iDn2/nrj  relationship.  Because  of  this  distortion,  satisfactory  short-period  response 

requires  the  independent  consideration  of  both  the  on2/na  and  CAP  parameters,  as  illus¬ 
trated  in  Figure  4. 

Further,  the  existence  of  significantly  different  acceptance  regions  for  the  two 
parameters  is  suggested  by  DiFranco,  reference  4,  with  comparative  applications  recently 
done  by  Bischoff,  reference  3.  Additional  alternative  approaches  to  the  short-period 
response  acceptance  criteria  have  been  recently  proposed  by  Stengel,  reference  8;  Mitchell 
and  Hoh,  reference  9;  and  Mooij,  reference  5. 

The  approach  currently  recommended  for  fighter  type  aircraft,  independent  of  these 
new  and  different  acceptance  criteria,  is  to  consider  both  CAP  and  w  z/n  independently, 

and  to  consider  the  acceptance  criteria  for  both  to  be  the  existing  specification. 

2.5  Signal  Blending 

The  advantage  of  blending  washed-out  pitch  rate  with  normal  acceleration  to  form  an 
error  signal  for  a  forward-loop  integrator  is  the  increased  efficiency  of  the  integrator 
in  nulling  the  high-frequency  error  content  while  providing  a  more  docile  controller  of 
subtle  motions.  The  nulling  instincts  of  such  a  blending  are  compatible  for  unbanked 
flight.  However,  during  rapid  rolling  maneuvers  the  parameter  mix  is  not  compatible. 
Rolling  about  the  stability  axis  suggests  a  constant  normal  load  factor  (Figure  5)  and 
thus  an  oscillatory  pitch  rate  of  magnitude  £  (n  -  cos  0)  .  Alternatively,  rolling  about 

the  body  axis  produces  a  constant  pitch  rateVbut  oscillatory  normal  acceleration  of  mag¬ 
nitude  cos  0  (Figure  5) .  Thus  the  integrator  would  complement  the  stability-axis  roll 
if  the  error  signal  were  simply  normal  load  factor;  and  would  likewise  complement  the 
body-axis  roll  if  the  error  signal  were  just  pitch  rate.  The  result  of  load  factor  and 
pitch  rate  blending,  however,  was  a  disconcerting  level  of  pitch  coupling  during  the  roll 
maneuver.  The  solution  was  to  adjust  the  relative  gains  of  the  two  components  so  that 
more  emphasis  was  placed  on  the  normal  acceleration  errors  and  the  pitch  rate  signal  was 
de-emphasiged .  Figure  6  indicates  the  relative  improvement  of  the  load  factor  excursions 
during  360  rolls  with  the  improved  blending. 

A  solution  would  be  the  blending  of  angle-of-attack  rate,  rather  than  pitch  rate, 
with  the  normal  acceleration  signals.  These  signals  are  compatible  during  rolling 
maneuvers  about  the  stability  axis.  Alternately,  the  blending  of  pitch  rate  and  attitude 
would  provide  compatible  signals  for  body  axis  rolls. 

2.6  Equivalent  Systems 

During  the  presentation  of  reference  10,  there  was  considerable  discussion  on  a  dif¬ 
ficulty  with  equivalent  system  parameters  derived  from  matching  the  pitch  rate  response 
over  a  nominal  bandwidth;  the  physical  interpretation  of  an  equivalent  na  significantly 
different  than  the  value  derived  from  the  wind  tunnel.  In  fact,  the  example  of  re¬ 
ference  10  indicated  a  factor  of  20  difference  between  the  two  values.  More  recent 
matcher,  using  both  the  pitch  rate  and  load  factor  response  over  the  same  bandwidth,  re¬ 
sult  in  a  sig  ificantly  reduced  migration  of  the  equivalent  nQ  value,  as  indicated  by  the 

superposition  of  the  simultaneous  matched  data  of  Figure  7.  While  the  nfl  values  are  sig¬ 
nificantly  different,  the  control  anticipation  parameter  is  essentially  the  same  for  the 
two  different  matching  techniques,  and  therefore  the  interpretation  of  the  pilots'  accept¬ 
ance  is  unchanged.  The  benefit  of  the  dual  match  is  simply  that  the  results  will  be  per¬ 
ceived  more  credibly. 

Application  of  the  equivalent  systems  technique  to  the  lateral-directional  charac¬ 
teristics  has  progressed  through  an  in-flight  investigation  on  the  Air  Force  -  Calspan 
NT-33  (references  11  and  12) .  The  flight-derived  pilot  rating  obtained  from  evaluations 
of  various  higher-order  systems  was  used  with  the  corresponding  equivalent  system  charac¬ 
teristics  to  compare  with  acceptance  regions  of  the  specification.  The  lateral-directional 
matching  utilizes  a  sideslip  to  rudder  pedal  response  and  a  bank  angle  to  lateral  stick 
response  in  order  to  get  sufficient  information  for  consistent  identification  of  all  the 
numerator  and  denominator  parameters  of  the  second-  over  fourth-order  equivalent  system 
describing  function. 

There  are  no  definite  "match"  or  "fit"  criteria  for  the  application  of  equivalent 
systems,  and  with  the  experience  to  date  there  is  little  likelihood  of  establishing  such 
criteria  in  the  near  future.  Pilot  ratings  of  various  higher-order  systems,  which  had 
the  same  equivalent  system  characteristics  but  with  significantly  different  levels  of 
mismatch,  indicated  no  significant  variation  of  pilot  rating  with  mismatch  (reference  13) . 

An  indepth  look  at  equivalent  system  applications  to  several  Navy  tactical  aircraft 
(reference  3)  clearly  indicates  that  the  relevant  information  on  the  acceptability  of  fly¬ 
ing  qualities  characteristics  can  consistently  be  established  independent  of  the  mismatch. 
In  fact,  example  cases  are  shown  with  larger  mismatches  giving  more  intuitively  reasonable 
parameters  than  do  the  cases  with  exceptionally  good  matches.  The  level  of  acceptability 
predicted  from  the  equivalent  system  characteristics  for  the  different  techniques  remained 
unchanged,  however. 
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Based  on  the  total  equivalent  system  experience  and  the  above  two  examples  in  par¬ 
ticular,  the  absence  of  mismatch  criteria  is  not  considered  crucial  to  the  meaningful  in¬ 
terpretation  of  higher-order  system  characteristics  within  the  specification  framework. 

What  is  clear  is  that  without  a  specified  equivalent  system  routine  and  a  mismatch  cri¬ 
terion,  the  enforcement  of  the  specification  in  an  adversarial  confrontation  may  be  futile. 
But  given  a  mismatch  limit,  then  the  goal  can  easily  become  one  of  judiciously  manipu¬ 
lating  the  match  routine  to  achieve  the  best  set  of  equivalent  system  parameters  from  a 
specification  compliance  viewpoint,  while  not  exceeding  the  mismatch  limit.  An  authen¬ 
tically  useful  tool  would  thus  be  compromised.  The  point  is  that  without  a  mismatch  cri¬ 
terion,  application  of  the  equivalent  systems  approach  is  done  with  the  goal  of  getting 
the  best  match  and  then  evaluating  the  acceptability  of  equivalent  systems'  characteristics . 

2.7  Aircraft  Size,  Pilot  Location  Considerations 

As  a  result  of  discussion  at  the  October  1979  AFFDL  Flying  Qualities  Symposium  (ref¬ 
erence  14)  on  the  very  poor  correlation  of  large-aircraft  flying  qualities  acceptability 
with  the  specification  criteria  for  the  short  period  requirements,  the  Navy  conducted  an 
informal  survey  of  large-aircraft  characteristics.  The  original  control  anticipation 
parameter  (reference  15)  which  uses  initial  pitch  acceleration,  identified  as  CAP^,  was 

compared  to  an  alternate  approach  (reference  16)  which  uses  initial  normal  acceleration 
at  the  pilot,  which  will  be  called  CAP^.  CAP^  is  simply  CAP^  times  the  distance  from  the 

pilot  to  the  instantaneous  center  of  rotation  for  pitch  control  inputs,  i.e.,  CAP2  = 


At  issue  is  whether  the  initial  linear  acceleration  index  provides  clearer  guidance 
than  the  current  initial  angular  acceleration  index.  The  essential  difference  between 
the  two  parameters  is  the  sensitivity  to  aircraft  size  afforded  by  the  consideration  of 
the  pilot's  location.  Forty-two  data  points  on  five  different  aircraft  exhibited  charac¬ 
teristics  ranging  from  the  lower  Level  1  boundary  to  below  the  Level  2-3  boundary  for  the 
CAP^  boundaries  of  the  current  specification  as  shown  in  Figure  8. 

The  aircraft  had  demonstrated  Level  1  flight  characteristics  based  on  flight  evalua¬ 
tions  and  operational  experience,  but  would  be  judge  marginal  to  unsatisfactory  based  on 
the  current  specification. 

To  compare  the  same  42  data  points  against  the  alternate  format,  the  specification 
boundaries  were  translated  directly  using  a  distance  from  the  pilot  to  the  center  of 
rotation  of  9  ft.  The  9  ft.  value  was  utilized  because,  first,  the  upper  Level  1  boundary 
of  the  specification  would  coincide  with  the  upper  boundary  suggested  by  reference  15  and, 
second,  for  the  modest  sized  aircraft  providing  the  majority  of  the  original  data  base, 
reference  17,  an  average  pilot-to-rotation-point  distance  of  9  ft.  is  not  unreasonable. 

For  the  large  aircraft  the  42  data  points  are  shown  in  Figure  9  to  migrate  to  the  upper 
Level  1  area  of  the  revised  format.  There  is  now  consistency  between  flight  experience 
and  the  specification  alternative. 

For  modest  sized  contemporary  military  aircraft  including  the  S-3,  AV-8 ,  F-14,  F-15, 
and  F-18  a  comparison  of  the  two  approaches,  using  over  one  hundred  data  points,  indicated 
the  analysis  to  be  unaffected  relative  to  the  acceptance  regions,  as  illustrated  in  Figure 


The  large-aircraft  results  of  reference  18  verify  the  trend  of  the  alternative  sug¬ 
gested  here,  namely  that  pilot  location  far  forward  of  the  center  of  rotation  significantly 
improves  flyinq  qualities  acceptance. 

3.  NAVY  FLYING  QUALITIES  SURVEY 

In  October  of  1980,  eight  major  U.S.  aircraft  companies  were  requested  to  participate 
in  a  survey  on  the  effectiveness  of  the  Flying  Qualities  of  Piloted  Airplanes,  Military 
Specification  MIL-F-8785. 

The  request  stated  that  personal  answers  rather  than  the  corporate  view  was  de¬ 
sired.  The  request  further  suggested  that  the  mix  of  respondees  within  the  company  be  a 
stability  and  control  engineer  and  supervisor,  a  flight  control  engineer  and  supervisor, 
and  the  first-level  manager  responsible  for  both  the  stability  and  control  function  and 
flight  control  function.  The  stated  intent  was  to  get  a  sampling  of  perceptions  which 
were  representative  of  the  individuals  primarily  responsible  for  the  flying  qualities 
exhibited  by  the  military  aircraft. 

Forty-six  engineers  from  eight  major  U.S.  aircraft  companies  responded  to  the  ques¬ 
tionnaire.  Sixteen  respondees  had  backgrounds  in  flying  qualities:  thirteen  in  flight 
control;  and  seventeen  were  experienced  in  both.  The  average  level  of  experience  with 
MIL-F-8785  or  its  predecessor  was  17.2  years,  with  a  minimum  experience  level  of  5  years 
and  a  maximum  of  30  years.  Eighty-seven  percent  of  the  respondees  had  10  or  more  years 
of  experience:  65%  had  15  or  more:  and  50%  had  20  years  or  more.  The  mix  of  technical 
management  to  technical  specialists  was  half  and  half. 

The  following  are  excerpts  from  the  conclusions  of  the  survey  report,  reference  19: 

With  respect  to  MIL-F-8785,  a  majority  of  the  responders  felt 


that  the  design  and  development  of  a  new  high  technology  fighter  would 
benefit  from  using  8785  as  the  flying  qualities  specification. 

.  that  8785  was  most  effective  as  a  communication  aid  between  government 

and  contractor  engineers;  the  second  most  effective  area  was  in  providing 
guidance  during  design  and  development,  third  most  effective  area  was 
that  of  being  a  specification. 

.  that  8785  was  an  important  factor  in  achieving  satisfactory  flying  qualities; 
after  engineering  talent,  groundbased  simulation,  and  good  working 
relationship  between  flight  control  and  flying  qualities  organizations. 

.  that  8785  was  a  factor  in  compromising  flying  qualities;  ranked  behind 
schedule  constraints,  cost  constraints,  inadequate  aerodynamic  data, 
and  inadequate  use  of  groundbased  simulation. 

.  that  revising  8785  was  the  least  effective  investment  strategy  for 

providing  better  flying  qualities  on  tne  next  generation  military  air¬ 
craft,  for  a  fixed  investment. 

With  respect  to  program  management,  the  responses  indicate 

.  that  program  management's  cost  and  schedule  constraints  are  perceived 
to  be  most  responsible  for  compromising  satisfactory  flying  qualities. 

.  that  program  management  is  considered  to  have  the  most  potential  for 
cost-effective  improvements  in  flying  qualities. 

4.  AIR  FORCE  EXPERIENCE 

When  MIL-F-8785B  was  adopted,  complaints  were  heard  on  the  following: 

.  Overly  complex  requirements. 

.  Requirements  not  related  well  to  design. 

.  Requirements  not  related  well  to  flight  test. 

.  Requirements  not  related  well  to  operational  needs. 

.  Requirements  too  stringent. 

These  same  opinions  are  heard  today.  We  must  acknowledge  a  degree  of  truth  in  these  com¬ 
plaints.  Nevertheless,  as  the  following  discussion  attempts  to  show,  on  the  whole  we 
believe  the  current  specification  to  be  a  valid,  workable  document.  With  attention  to 
correct  interpretation,  this  utility  appears  to  hold  for  a  good  number  of  recent  or  sug¬ 
gested  higher-order  systems,  digital  mechanizations,  etc.  After  a  discussion  of  these 
questions,  the  direction  of  some  future  handling  qualities  work  will  be  discussed. 

Some  current  requirements  are  certainly  complex;  a  prime  example  concerns  Dutch 
roll,  particularly  roll/yaw  coupling.  There  may  be  a  simpler,  more  effective  way  to  state 
design  criteria  for  this  flying  quality  area  of  universally  conceded  importance  -  but 
twelve  years  have  not  produced  one.  A  number  of  the  requirements  reflect  our  inability  to 
adequately  meet  the  needs  of  designer,  procuring  agency  and  user  simultaneously. 

Flight  testing  is  tremendously  expensive,  and  emphasis  is  properly  placed  on  relating 
the  flight  testing  of  a  new  design  to  operational  usefulness.  Thus,  much  of  the  flying 
qualities  demonstration  is  becoming  a  validation  of  the  analytical  model,  so  that  more 
detailed  study  can  be  done  on  the  computer.  With  certain  requirements  such  as  those  re¬ 
lating  to  atmospheric  disturbances,  analysis  of  a  model  and  qualitative  spot  checks  are  all 
that  flight  test  can  accomplish.  However,  flight  exploration  of  aircraft  limits  remains 
important  -  indeed  becomes  more  so  as  we  increasingly  rely  on  the  flight  control  system 
for  both  stability  and  control.  Quantitative  requirements  are  particularly  difficult  to 
establish  in  this  area;  consequently  a  significant  portion  of  the  specification  remains 
qualitative. 

• 

Complaints  about  the  effort  needed  to  show  the  probability  of  having  each  flying 
qualities  level  in  the  many  envelopes  are  still  heard.  However,  a  rare  testimonial  from 
industry,  reference  20,  is  relevant  here:  A  U.S.  aerospace  company  discussed  with  the 
Flight  Dynamics  Laboratory's  Handling  Qualities  Group  their  early  experience  in  applying 
MIL-F-8785.  The  purpose  of  the  study  was  to  establish  a  set  of  flying  qualities  require¬ 
ments  for  a  weapon  system  development  program,  and  to  take  a  preliminary  look  at  compli¬ 
ance.  At  first,  defining  airplane  normal  states,  failure  states,  and  flight  envelopes 
appeared  to  be  a  task  of  monumental  proportions.  But  defining  the  normal  states  for  each 
flight  phase  was  found  to  be  more  of  a  bookeeping  problem  than  anything  else  and  was 
necessary  to  assure  the  identification  of  critical  combinations  of  configuration  and  load¬ 
ing.  This  success,  and  the  improved  understanding  of  all  aspects  of  the  total  system  that 

resulted,  :onvinced  the  contractor  that  the  effort  was  worthwhile.  The  only  flight  en¬ 
velopes  required  in  thi  documentation  effort  were  the  Operational  Flight  Envelopes. 

Since  these  represent  the  speed,  altitude  and  load  factor  capability  necessary  to  complete 
the  mission,  consideration  of  the  effect  of  external  stores,  etc.,  on  airplane  limitations 
was  not  necessary,  which  simplified  the  task  a  great  deal.  The  considerable  overlap 
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of  the  envelopes  led  to  a  manageable  number  of  envelopes  to  be  considered.  The  company 
was  very  liberal  in  sizing,  realizing  that  larger  envelopes  enhance  the  competitiveness 
of  their  design.  They  had  not  come  to  grips  with  the  problem  of  providing  Level  1  flying 
qualities  within  these  large  envelopes,  and  the  impact  on  such  things  as  system  weight, 
cost,  complexity,  reliability.  They  acknowledged  that  they  might  have  had  to  reduce 
these  envelopes  because  of  these  considerations,  in  order  to  be  responsive  to  the  need 
for  a  relatively  simple  system.  The  identification  and  assessment  of  system  failure  con¬ 
sequences  in  terms  of  degraded  flying  qualities  were  found  to  be  straightforward.  Es¬ 
tablishing  the  per  flights  probability  presented  no  particular  problem.  Some  failure 
modes  identified  through  this  evaluation  would  not  otherwise  have  been  recognized.  There 
was  little  confidence  in  the  accuracy  of  their  failure  probability  analysis  because  of 
the  inaccuracy  in  the  system  component  failure  rate  data  available  in  the  open  literature. 
Looking  back  on  the  application  on  MIL-F-8785B  in  this  particular  study,  it  was  concluded 
that  the  benefits  throughout  the  service  life  of  the  airplane  would  more  than  compensate 
for  the  additional  design  effort  required.  No  changes  were  recommended  to  MIL-F-8785B 
based  on  their  experience  in  this  application. 

More  recently  we  have  seen  a  tendency  to  avoid  these  probability-based  requirements, 
relying  more  on  an  expanded  list  of  specific  failures  along  with  the  flying  qualities 
Level  to  be  achieved  after  failure.  Once  even  a  preliminary  flight  control  system  has 
been  settled  upon,  such  a  list  can  be  prepared  with  some  assurance  of  adequacy,  barring 
radical  design  change.  Whichever  approach  is  taken,  critical  failures  must  be  found  and 
their  effects  assessed.  When  overall  mission-success  and  flight-safety  reliability  are 
specified,  the  procuring  activity  may  be  willing  to  rely  on  those  requirements  entirely. 

But  for  flight  safety  and  mission  effectiveness  there  is  a  definite  need  for  a  good 
failure  modes  and  effects  analysis  with  respect  to  flying  qualities. 

4.1  High  Angles  of  Attack 

Increasingly,  stability  and  control  augmentation  is  being  used  to  meet  flying 
qualities  requirements,  both  as  a  result  of  increased  performance  demands  and  because  of 
the  availability  of  increasingly  sophisticated  flight  control  systems.  Flight  control  sys¬ 
tems  designed  for  normal  flight  conditions,  where  aerodynamic  derivatives  are  mostly 
linear  and  tractable,  can  become  destabilizing  near  and  beyond  stall  where,  as  noted,  re¬ 
quirements  remain  qualitative.  A  control  system  commanding  normal  acceleration,  as  in 
the  original  F-lll,  was  found  to  promote  stalling.  Below  the  minimum  drag  speed,  normal 
acceleration  feedback  tends  to  promote  divergence,  another  manifestation  of  the  "speed 
instability"  we  normally  associate  with  control  of  flight  path  at  low  speed.  A  pitch 
damper  will  continue  to  add  damping  beyond  stall,  but  its  stiffness  contribution  through 
the  term  Z^M^  becomes  destabilizing  for  positive  Z w-  Pitch  attitude  stabilization  will 

become  destabilizing  for  large  CQa,  inhibiting  nose-down  to  maintain  airspeed  as  angle 

of  attack  increases.  Reference  21  attempts  to  incorporate  guidance  for  these  and  other 
cases.  Although  the  qualitative  high-angle-of-attack  requirements  of  MIL-F-8785C  cover 
such  effects  in  a  general  way,  the  proliferation  of  possibilities  with  advanced  flight 
control  systems  make  more  specific  requirements  difficult. 

4.2  Roll  Performance 

Roll  performance  has  been  a  controversial  subject  from  the  beginning.  While  a  certain 
minimum  performance  is  necessary,  the  price  is  significant  in  terms  of  structural  weight, 
reduced  high-lift  capability  and  system  complexity.  For  fighter  aircraft  the  original 
pb/2V  requirement  was  replaced  by  limits  on  time  to  bank  through  90°,  then  an  additional 
upper  limit  put  on  the  roll  time  constant.  Air  Force  and  NASA  s'  adies  (references  22  and 

23)  had  consistently  failed  to  show  the  value  of  roll  capability  over  half  the  100  deg. 
in  the  first  second  required  in  1959  by  MIL-F-8785;  but  in  view  of  the  service  pilots’ 
insistence  and  the  excellent  success  achieved  in  Korean  combat,  a  reduction  below  90  de¬ 
grees  could  not  be  justified.  The  requirements  are  intended  to  apply  throughout  the 
speed,  altitude  and  load-factor  dimensions  of  the  pertinent  flight  envelopes,  but  in  prac¬ 
tice  were  demonstrated  only  at  1  g.  For  the  F-15,  the  procuring  activity  wanted  to  empha¬ 
size  agility  and  so  put  special  emphasis  on  getting  the  most  feasible  roll  control  power 
at  the  low-speed  edge  of  the  V-n  flight  envelope.  Reflecting  experience  with  the  F-15 
and  F-16,  the  new  MIL-F-8785C  has  more  explicit  reference  to  flight  conditions:  360°  rolls 
are  required  in  1-g  flight,  and  higher-g  rolls  through  lesser  angles  somewhat  related  to 
combat  usage.  At  low  and  high  speed  extremes  the  roll  requirements  are  relaxed  as  a  con¬ 
cession  to  the  natural  falloff  of  aerodynamic  effectiveness.  Below  the  approximate  "cor¬ 
ner  speed",  the  lowest  airspeed  for  limit  load-factor  capability,  less  roll  capability  is 
required.  Closer  to  the  1-g  stall  speed  a  further  reduction  is  allowed.  One  effect  of 
this  change  should  be  to  lessen  the  unusably  high  roll  capability  which  results  from  at¬ 
tempts  to  meet  the  stringent  requirement  over  a  broader  speed  range.  Several  fighter 
data  points  -  F-15  through  F-18  -  tend  to  validate  the  requirements,  though  some  surveyed 
pilots  want  more  low-speed  roll  capability  than  inertial  coupling  will  permit  (reference 

24) .  The  F-16  roll  performance  has  been  quite  satisfactory,  and  has  benefited  from  a 
shorter  roll  time  constant  (more  roll  damping)  at  zero  control  force,  so  that  the  air¬ 
plane  "stops  on  a  dime".  F-18  roll  performance,  initially  below  specification  and  con¬ 
sidered  inadequate,  has  been  improved  to  meet  the  specification. 

In  a  piloted  simulation  study  of  one-on-two  combat  conducted  on  the  McDonnell  fixed- 
based  air  combat  simulator,  a  conclusion  on  the  importance  of  roll  performance  from  the 
study  reported  by  Guthrie  in  Paper  No.  23  was  as  follows: 
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Rolling  agility,  which  was  formerly  considered  a  second  order 
effect,  .  .  .  has  been  shown  to  provide  first  order  air  com¬ 
bat  consequences  traditionally  associated  with  large  (30-50%) 
changes  in  P  or  maneuvering  C  . 

S  Li 

Improved  rolling  performance  in  the  vicinity  of  30°  angle  of  attack  through  differential 
deflection  of  a  variable-incidence  wing  was  found  to  give  much  earlier  kills  and  doubled 
exchange  ratios.  While  there  are  no  means  to  investigate  this  result  in  actual  flight, 
the  results  do  provide  incentives  for  not  reducing  the  roll  requirements  for  air  combat 
any  further. 

4.3  Integration  With  Other  Subsystems 

If  flying  qualities  are  overspecified,  the  design  options  are  narrowed  and  thus 
overall  effectiveness  is  degraded.  How  important  are  flying  qualities  to  the  success  of 
new  aircraft?  The  answer,  of  course,  depends  on  which  flying  quality  is  being  considered. 
Maintaining  control  is  fundamental  to  flight  as  well  as  a  prime  safety  consideration. 
Beyond  that  is  the  maneuverability  needed  to  perform  design  missions  well.  We  can  argue 
about  quantitative  limits,  or  even  the  form  of  requirements;  but  we  all  seem  agreed  that 
these  aspects  must  be  treated  in  detail. 

Detailed  levels  of  requirements  on  dynamic  characteristics,  however,  can  be  justified 
only  to  the  extent  that  pilots  actually  fly  the  airplane.  Especially  in  the  European 
scenario  of  much  interest  to  NATO,  we  hear  of  intense  battles  envisioned  with  dense  con¬ 
centrations  of  everything:  aircraft,  friendly  and  enemy;  both  human  and  automatic  com¬ 
munications  giving  directions,  updates  and  other  information;  a  multitude  of  sensors  for 
navigation,  warning,  target  acquisition;  and  complicated  onboard  weapons,  propulsion, 
fire  control,  etc.  systems  to  manage.  To  manage  all  these  factors  effectively  takes  so 
much  concentration  that  little  time  is  left  for  flying  the  airplane. 

As  just  one  example  of  the  help  afforded  by  a  more  capable  system,  consider  the 
AN/ARN-101  Digital  Modular  Avionics  System  (reference  27)  for  more  accurate  ground  attack. 
With  "28  indicators,  22  switches  with  83  different  positions  and  56  pushbuttons", 

.  .  .  the  computer  solves  the  problem  regardless  pf  release 
parameters  .  .  .  However,  we  must  get  in  the  habit  of  meeting 
specific  parameters  every  time  we  drop.  If  we  don't, (1) 
impact  angle  and  impact  velocity  will  suffer  to  the  detriment 
of  weapons  effects,  CBU  patterns,  etc.;  (2)  fuze  arm  and  safe 
escape  will  be  jeopardized;  (3)  LGB  guidance  time  and  envelope 
may  be  adversely  affected;  (4)  aircrews  lacking  BFM  skills  may 
fly  into  the  ground  and  (5)  improper  delivery  airspeeds  may 
degrade  aircraft  maneuverability. 

Kinnan  concludes,  "The  ARN-101  is  capable,  but  it's  not  sophisticated.  Take  all  of  that 
capability  and  mechanize  it  with  two  or  three  switches  and  one  indicator;  now  that  would 
be  sophisticate  ."  That  is  quite  a  challenge  for  cockpit  designers  and  systems  integra¬ 
tors. 

It  is  commonplace  to  say  that  the  pilot  has  become  a  manager.  This  leaves  two  pos¬ 
sibilities  for  unloading  the  pilot:  make  the  flying  task  as  easy  as  possible,  or  automate 
it.  With  these  prospects  before  us,  what  dynamic  characteristics  will  we  need  to  specify? 
Two  examples  show  some  implications  of  control  integration. 

Recent  AFWAL  simulations  of  an  integrated  flight/fire  control  system  (IFFC)  have 
shown  how  a  cooperative  pilot-autopilot  effort  can  improve  air-to-air  gunnery  (reference 
28) .  The  head-up  display  shows  the  director-guided  sight  reticle  and  a  box  which  indi¬ 
cates  the  IFFC  authority  in  normal  acceleration  and  roll  rate.  In  this  version  the  pilot 
can  add  his  own  pitch  and  roll  commands  to  help  the  IFFC  put  the  reticle  on  the  target, 
and  to  null  the  authority  box  on  the  reticle  so  that  maximum  IFFC  authority  is  available 
for  tracking.  The  IFFC  has  complete  control  when  the  reticle  is  inside  the  authority 
box,  the  pilot  then  retaining  only  limited  control  in  roll  (ailerons,  while  IFFC  commands 
the  differential  tail) .  For  the  simple  initial  conditions  and  target  maneuvers  studied, 
performance  with  the  IFFC  was  significantly  better  than  with  just  the  director  sight  or 
a  lead  computing  optical  sight  (and  far  superior  to  performance  with  a  fixed  sight) . 
Performance  was  almost  as  good  when  roll  control  was  given  exclusively  to  the  pilot,  who 
could  see  target  bank  angle  while  the  IFFC  could  not.  The  evaluation  pilots  wanted  to 
keep  actively  involved,  in  order  to  monitor  system  operation.  In  this  application  we  see 
a  continuing  need  for  satisfactory  response  to  pilot  control,  and  a  further  need  to 
develop  requirements  governing  the  interface  of  manual  control,  displays  and  weapons 
management. 

Another  IFFC  application  being  studied  by  AFWAL  involves  air-to-ground  gunnery  and 
bombing,  the  object  being  to  present  a  more  difficult  target  to  the  antiaircraft  people 
while  improving  flexibility  and  accuracy  of  delivery.  Rather  than  rolling 

out  onto  a  straight-in  approach,  the  pilot  rolls  into  a  sideslipping,  rolling  dive  while 
the  system  keeps  the  guns  pointed  toward  the  designated  target;  similarly  bombs  are  re¬ 
leased  at  a  computed  point  in  a  turn.  Here  again  we  have  indications  that  careful  atten¬ 
tion  must  be  given  to  the  division  of  duties  and  interface  between  the  pilot  and  the  sys¬ 
tem. 
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These  examples  use  only  the  conventional  moment-producing  control  surfaces.  Other 
papers  presented  here  show  some  uses  of  direct  force  control  as  well.  Mechanizations  of 
direct  force  control  have  ranged  from  blended  operation  with  other  flight  controls  by 
means  of  the  same  controller  through  fully  manual  control  by  means  of  a  thumb  swith  to 
fully  automatic  control  integrated  with  the  fire  control  system.  Reference  30  discusses 
integration  of  flight  and  engine  control  for  the  Mission  Adaptive  Wing  airplane  with 
variable  leading-edge  and  trailing-edge  camber,  so  commands  to  the  multiple  surfaces  must 
be  optimized.  Because  of  control  limits,  the  various  commands  had  to  be  prioritized  ac¬ 
cording  to  different  criteria  for,  e.g. ,  maneuvering,  cruise  and  landing  approach.  It 
has  become  very  clear  (e.g.,  references  31  and  32)  that  overall  requirements  must  be  de¬ 
veloped  and  adhered  to  if  such  systems  integration  is  to  work.  Handling  qualities  for 
piloted  control  are  a  subset  of  these  overall  requirements. 

The  combat  environment  is  getting  more  hazardous  as  well  as  more  complex,  with  ter¬ 
rain  following/avoidance,  ground-  and  air-launched  missiles  to  avoid  or  defeat.  It  seems 
unlikely  that  a  pilot  would  relinquish  flight  control  entirely.  On  the  other  hand,  our 
present  requirements  are  largely  predicated  on  his  need  to  perform  fine  tracking-whether 
air-to-air  or  air-to-ground.  To  the  extent  that  automatic  controls  or  guided,  standoff 
weapons  take  over  this  function,  we  can  somewhat  relax  those  requirements.  But  then  how 
much  can  we  depend  upon  these  automatic  functions?  In  the  F-16,  for  example,  we  have 
already  accepted  reliance  on  electronics  for  control  and  stabilization  essential  to  flight 
safety,  but  with  great  attention  to  reliability  and  invulnerability.  Other  systems  such 
as  fire  control  have  not  had  commensurate  redundancy,  etc.  We  cannot  have  redundant  radar 
dishes  in  the  nose.  In  the  interests  of  operational  readiness  as  well  as  flight  safety, 
it  would  seem  prudent  to  keep  up  the  more  traditional  capability  as  well.  We  also  may 
have  high  attrition  early  on,  and  rapid  exhaustion  of  supplies  or  stand-off  weapons, 
advanced  air-to-air  missiles,  deterioration  of  communications.  After  some  initial  engage¬ 
ment  we  may  be  getting  back  toward  the  basics.  A  number  of  implications  result. 

Automatic  control  must  be  compatible  with  manual  control  to  the  extent  that  the  pilot 
can  monitor  performance  effectively  and  insert  additional  commands  or  take  over  as  the 
occasion  demands.  As  long  as  stockpiles  of  iron  bombs  remain,  we  will  need  the  capability 
to  deliver  them.  As  the  burden  of  other  duties  increases  (communications  to  or  from  AWACS, 
JTIDS,  etc.;  navigation  at  low  level,  monitoring  automatic  terrain  following/avoidance; 
weapons  management;  sensor  selection)  automatic  pilot-assist  functions  become  essential  to 
the  mission.  Do  performance  requirements  for  such  modes  belong  in  a  flight  control  system 
specification  as  at  present,  on  in  the  Flying  Qualities  Specification?  What  different 
choices  of  control  modes,  automatic  and  manual,  can  be  incorporated  without  leading  to 
confusion?  It  is  apparent  that  a  number  of  issues  remain  to  be  settled,  and  that  flying 
qualities  requirements  are  central  to  the  integration  of  control. 

5.  CONCLUSIONS 

1.  Consideration  of  the  equivalent  time  delay  characteristics  is  fundamental  to 
achieving  satisfactory  closed-loop  tracking  performance  and  should  not  be  con¬ 
sidered  unique  to  digitally  implemented  control  laws. 

2.  Based  on  the  experience  with  "high-gain"  forward  loop  systems  to  date,  the 
benefits  may  turn  into  liabilities  when  the  time  delay  and  sensitivity  aspects 
are  considered. 

3.  For  aircraft  not  utilizing  angle-of-attack  limiting,  positive  speed  stability 
is  still  required. 

4.  The  simultaneous  matching  of  normal  load  factor  and  pitch  rate  in  determining 
the  equivalent  system  characteristics  was  found  to  provide  values  of  equivalent 
na  which  are  more  in  line  with  the  wind-tunnel-derived  values  than  are  the 

pitch-rate-only  match  values. 

5.  An  alternate  formulization  of  the  short-period  frequency  requirement,  which  ac¬ 
comodates  pilot  location  (and  thus  size)  as  a  normalizing  factor  in  the  accept¬ 
ance  boundaries,  shows  promise  conceptually  in  more  appropriately  reflecting 
large-aircraft  requirements. 

6.  Based  on  a  survey  of  U.S.  engineers,  MIL-F-8785  is  considered  to  be  a  reasonable 
and  effective  specification  for  the  next  generation  fighter. 

7.  Significantly  more  flying  qualities  problems  are  being  experienced  as  a  result 
of  not  adhering  to  the  specification  guidance  than  are  being  caused  by  specifi¬ 
cation  inadequacies. 

8.  Active  utilization  of  the  specification  to  guide  the  flight  control  design  is 
necessary  to  assure  satisfactory  flight  characteristics  with  minimum  revisions. 

9.  Use  of  MIL-F-8785B  in  an  airplane  design  (a)  is  not  inordinately  complex  and  (b) 
uncovers  problems  that  might  otherwise  be  missed. 

10.  At  high  angles  of  attack,  with  a  combination  of  nonlinearities  and  more  stability 
and  control  augmentation,  flying  qualities  requirements  will  probably  remain 
largely  qualitative,  of  limited  help  in  design. 


11.  Roll  performance  is  important  throughout  the  speed-altitude-load  factor  flight 
envelope.  At  low  and  high  speed,  requirements  recently  were  reduced,  in  line 
with  current  satisfactory  airplanes  but  with  lingering  misgivings. 

12.  The  scope  of  flight  control  automation  is  expanding,  to  keep  pilot  workload 
manageable  and  also  to  improve  mission  effectiveness.  A  role  remains,  however, 
for  piloted  flight;  and  flying  qualities  requirements  are  central  to  system 
integration . 
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figure  8.  Urge  aircraft  Short  Period  Data  -  Specification  Format  figure  1  Urge  Aircraft  Short  Period  Data  -  Specification  Format  (Corn) 


figure  9.  Urge  Aircraft  Short  Period  Data  -  Alternate  Format  figure  3.  Urge  Aircraft  Short  Period  Data  -  Alternate  Format  (Corn) 


DEVELOPMENT  OF  A  TENTATIVE  FLYING  QUALITIES  CRITERION  FOR  AIRCRAFT 
WITH  INDEPENDENT  CONTROL  OF  SIX  DEGREES  OF  FREEDOM  — 
ANALYSIS  AND  FLIGHT  TEST 


Roger  H.  Hoh,  Thomas  T.  Myers,  and  Irving  L.  Ashkenas 
Systems  Technology,  Inc. 

13766  South  Hawthorne  Blvd. 

Hawthorne,  California  90250 
U.S.A. 


INTRODUCTION 

The  objective  of  this  study  was  to  develop  a  tentative  flying  qualities  specification 
for  aircraft  having  direct  force  effectors  that  allow  independent  control  over  the  hori¬ 
zontal  and  vertical  degrees  of  freedom.  Such  aircraft  are  referred  to  here  as  direct 
force  control  (DFC)  vehicles.  The  primary  problem  with  developing  flying  qualities  for 
such  aircraft  is  their  unconventional  responses  as  reflected  in  a  very  incomplete  data 
base  including  MIL-F-8785C.  Accordingly,  an  essential  part  of  the  study  involved  a 
limited  flight  simulation  of  a  DFC  aircraft. 

From  the  outset  the  work  was  not  intended  to  evaluate  various  DFC  modes,  such  as 
pitch  pointing,  wings-level  turn  maneuver  enhancement,  etc.  (see  for  example,  Refs. 
1-4).  Rather,  the  objective  was  to  define  what  is  and  what  is  not  acceptable,  once  it 
has  been  decided  to  use  a  given  DFC  mode  of  control.  Once  developed  and  validated  the 
resulting  criterion  will  be  included  in  the  Military  Flying  Qualities  Standard  and  Hand¬ 
book  which  is  currently  being  developed  to  replace  Ref.  5  (Mil-F-8785C) . 

BANDWIDTH  HYPOTHESIS  AND  GENERAL  CONSIDERATIONS 

The  use  of  auxiliary  control  surfaces  which  exert  large  direct  forces  along  the  air¬ 
craft  y  and  z  axes  allows  (together  with  conventional  surfaces)  many  combinations  of 
coupling  between  the  aircraft  degrees  of  freedom.  The  coupling  can  be  favorable  or 
unfavorable.  For  example,  the  maneuver  enhancement  control  mode  (also  termed  direct  lift 
control)  utilizes  direct  force  control  in  the  z-axis  to  produce  favorable  coupling  to 
augment  the  aircraft  heave  damping.  Unfavorable  coupling  can  "contaminate"  an  intended 
purified  response,  such  as  lateral  translation  or  wings-level  turn,  because  of  inappro¬ 
priate  or  inaccurate  feedback  or  crossfeed  gains  or  equalization,  possibly  due,  in  turn, 
to  gain  scheduling  problems.  Clearly,  it  would  be  a  big  job  to  consider  and  to  specify 
flying  qualities  for  all  modes  of  coupling  for  all  possible  DFC  combinations.  Rather,  we 
searched  for  and  attempted  development  of  requirements  that  are  based  on  fundamental 
aspects  of  DFC  pilot/vehicle  dynamics  and  therefore  are  universally  applicable.  In  fact, 
we  did  develop  such  a  requirement  based  on  the  bandwidth  hypothesis-. 

•  Specification  of  bandwidth  is  an  adequate  flying  quality  criterion 
for  DFC  dynamics 

•  The  dominant  effect  of  inter-axis  coupling  is  its  effect  on  band¬ 
width 

•  The  following  characteristics  must  be  separately  specified 

-  Control  authority 

-  Manipulator  characteristics  (gain,  deadband,  breakout, 
etc.) 

-  Maximum  pilot  accelerations  as  a  function  of  pilot 
restraint  and  task 

The  bandwidth  hypothesis  makes  the  fundamental  assumption  that  the  primary  factor  in 
the  pilot's  evaluation  of  a  DFC  mode  is  his  ability  to  exert  tight  control  to  minimize 
errors  and  thereby  achieve  improved  closed-loop  tracking  performance.  The  hypothesis 
originated  from  an  old  and  well  accepted  idea  —  namely,  that  a  measure  of  the  handling 
qualities  of  an  airplane  is  its  response  characteristics  when  operated  in  a  closed  loop 
compensatory  tracking  task.  The  "bandwidth"  (<ngy)  as  a  measure  of  the  maximum  frequency 
at  which  such  closed  loop  tracking  can  take  place  without  threatening  stability.  It  fol¬ 
lows  that  airplances  capable  of  operating  at  a  large  value  of  bandwidth  will  have  super¬ 
ior  performance.  An  implicit  assumption  here  is  that  inter-axis  coupling  or  contamina¬ 
tion,  regardless  of  type  or  source,  affects  the  pilot  opinion  only  insofar  as  it  affects 
the  bandwidth. 

When  flying  a  DFC  mode  with  low  bandwidth,  the  pilot  finds  that  attempts  to  rapidly 
minimize  tracking  errors  result  in  unwanted  oscillations.  He  is,  therefore,  forced  to 
"back  off"  and  accept  somewhat  less  performance  (larger  and  more  sustained  tracking 


The  work  reported  here  was  performed  under  the  sponsorship  of  the  US  Air  Force, 
Flight  Dynamics  Laboratory,  under  Contract  F33615-78-C-3616.  Lt.  Jack  Browne  was  the 
contract  technical  monitor. 
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error)  or  to  compensate  with  lead  equalization.  It  is  not  difficult  to  imagine  a  clear 
cut  preference  on  the  part  of  pilots  for  aircraft  with  increased  bandwidth  capabilities. 

As  mentioned  above,  the  concept  of  using  bandwidth  is  not  new.  The  most  recent 
utilization  of  bandwidth  was  in  the  Neal-Smith  criterion  (see  Ref.  6).  This  criterion 
consists  of  a  grid  of  the  closed-loop  pitch  attitude  resonance  9/9c  vs.  pilot  equal¬ 
ization  for  a  piloted  closure  designed  to  achieve  a  specified  bandwidth.  Experience  with 
this  criterion  has  shown  that  the  results  can  be  sensitive  to  the  selected  value  of 
closed-loop  bandwidth.  The  criterion  suggested  in  this  paper  utilizes  the  maximum  value 
of  bandwidth  achievable  without  threatening  stability,  thereby  removing  the  necessity 
for  selecting  a  value  for  wgy  a  priori. 

Another  criterion  utilizing  bandwidth  was  suggested  in  Ref.  7.  This  criterion  also 
select  'd  a  fixed  value  of  bandwidth  (1  rad/sec  for  power  approach).  It  utilized  the 
phase  margin  and  slope  of  the  phase  curve  d$/dw  at  the  selected  bandwidth  frequency  as 
a  correlating  parameter.  Again,  experience  has  shown  that  the  fixed  value  of  bandwidth 
limited  application  of  the  criterion. 

It  should  be  noted  that  a  given  level  of  bandwidth  will  only  insure  satisfactory 
dynamics  -  Other  characteristics  of  DFC  airplanes,  which  must  be  separately  specified, 
are  control  authority,  manipulator  characteristics,  and  maximum  pilot  acceleration 
depending  on  task  and  pilot  restraint.  In  this  paper  we  will  concentrate  primarily  on 
specifying  a  boundary  that  separates  acceptable  from  unacceptble  dynamics  for  DFC  air¬ 
craft. 

The  classical  dennition  of  bandwidth  (for  example,  see  Ref.  8)  is  illustrated  in 
Fig.  1  ,  as  shown  by  the  closed- loop  response  plot  in  the  upper  left  corner.  The  gener¬ 
ally  accepted  definition  of  bandwidth  is  the  frequency  at  which  the  Bode  amplitude  is  3 
dB  less  than  the  steady-state  amplitude  of  the  system  (-3  dB  is  equivalent  to  approxi¬ 
mately  70  percent).  The  fundamental  intention  of  the  bandwidth  parameter  is  to  separate 
frequencies  at  which  a  system  will  follow  the  input  from  frequencies  where  it  will  not. 
In  the  simple  example  attitude  system  of  Fig.  1,  the  pitch  attitude  9  is  approximately 
equal  to  the  commanded  value,  9C,  at  frequencies  below  1/ T  (the  bandwidth),  but  rapidly 
decreases  beyond  1/T.  The  point  here  is  that  the  bandwidth  is  a  fundamental  measure  of 
the  ability  of  the  system  output  to  follow  the  system  input.  The  connection  between  the 
frequency  response  and  the  time  response  is  also  shown  in  the  lower  right  side  of  Fig.  1  . 
Here  we  can  see  that,  for  an  ideal  K/s  shape,  the  bandwidth  frequency  and  the  system  time 
constant  are,  in  fact,  identical  quantities  (“ru  =■  1/T).  Furthermore,  for  the  pure  K/s 
open-loop  system  of  Fig.  1  the  open-loop  piloted  "crossover  frequency"  is  also  exactly 
the  classical  closed-loop  bandwidth  (frequency  at  which  -3  dB  and  45  deg  occur).  The 
open- loop  "crossover  frequency"  is  defined  by  the  simplified  pilot  loop  closure  gain 
(horizontal  line)  intersection  with  the  open- loop  9/6.  Because  the  two  quantities  are 
nearly  equal  even  for  higher-order  open-loop  systems,  we  have  taken  the  liberty  of  using 
the  term  "bandwidth"  when  referring  to  the  "crossover  frequency." 


Pure 

Gain 


log  u>  (rad/sec) 


T 


Frequency  Domain  Time  Domain 


Figure  1 .  Classical  Definition  of  Bandwidth 


DEFINITION  OF  BANDWIDTH  USED  IN  CRITERION 

In  keeping  with  the  above  we  define  the  bandwidth  (“>gW)  for  handling  criterion 
purposes  as  the  crossover  frequency  for  simplified  pure  gain  pilot  at  which  the  phase 
margin  is  45  deg  or  the  gain  margin  is  6  dB,  whichever  frequency  is  low,'r  (Fig.  2).  In 
order  to  apply  this  definition  one  first  determines  the  frequency  for  neutral  stability 

from  the  phase  portion  of  the  Bode  plot  (“jgg).  The  next  step  is  to  note  the  frequency 

at  which  the  phase  margin  is  45  deg.  This  is  the  bandwidth  frequency  as  defined  by  phase 
“BW phase'  note  the  amplitude  corresponding  to  u^gg  and  subtract  6  dB;  the  fre¬ 

quency  at  which  this  value  occurs  on  the  amplitude  curve  is  “BW-  in-  The  bandwidth,  u>gW, 
is  the  lesser  of  <*>8Wphase  and  “BWgain-  If  “BW  ”  “BWphase.  CTie  system  is  said  to  be 
phase-margin  limited.  On  the  other  hand,  if  wgW  =  ““BWgain-  cBe  system  is  gain-margin 
limited;  that  is,  the  aircraft  is  driven  to  neutral  stability  when  the  pilot  increases 

his  gain  by  6  dB  (a  factor  of  2).  Gain-margin-limited  aircraft  may  have  a  great  deal  of 

phase  margin,  but  increasing  the  gain  slightly  causes  to  decrease  rapidly.  Such 

systems  are  characterized  by  frequency  response  amplitude  plots  which  are  flat,  combined 
with  phase  plots  which  roll  off  rapidly,  such  as  shown  in  Fig.  2. 

PHYSICAL  SIGNIFICANCE  OF  BANDWIDTH 

The  considerations  that  are  implicit  in  using  bandwidth  as  a  flying  quality  criterion 
are  summarized  as  follows: 


Bandwidth  is  the  lesser  of  two  frequencies  "B#p|10ti  ar|d  wbw 


gain 


B_  _  (s*l/Tg2)e~T** 

S  s  ( s  2  +  2  tsp  aisp  s  +  uijp ) 


Figure  2.  Definition  of  Bandwidth  Frequency,  oigw 
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•  Bandwidth  is  a  measure  of  risetime  or  speed  of  response. 

•  The  closed- loop  system  bandwidth  is  approximately  equal  to  the 
crossover  frequency  for  a  pure  gain  pilot. 

•  Low  values  of  bandwidth  are  indicative  of  a  need  for  pilot  lead 
equalization  and  hence  poor  ratings. 

•  The  bandwidth  is  limited  by  stability  considerations. 

•  Stability  can  be  threatened  by: 

Inherent  phase  lags  in  the  desired  region  of  crossover 
Adverse  coupling  or  unfavorable  zero  locations 


Requiring  a  minimum  value  of  bandwidth  is  equivalent  to  insisting  on  rapid  responses 
to  control  inputs  without  overshoots  or  any  other  undesirable  characteristics  of  low 
damping.  If  such  characteristics  are  not  available  through  the  basic  airframe,  it  will 
be  necessary  to  achieve  them  via  stability  augmentation.  If  the  basic  values  of  the 
limiting  aerodynamic  derivatives  are  low,  high  feedback  and/or  crossfeed  gains  will  be 
required.  The  implications  of  this  are  listed  below: 


•  If  the  basic  values  of  the  limiting  aerodynamic  derivatives  are 
low  : 

High  feedback  and/or  crossfeed  gains  will  be  required. 

Failures  will  tend  to  be  violent. 

Redundancy  requirements  will  be  high. 

High  authority  controls  will  be  required  to  avoid  saturation. 

•  The  feedback  sensors  should  be  gustproofed,  e.g.,  a^  instead  of  8, 

etc .  ' 


The  limiting  forms  for  the  DFC  response  modes  shown  in  Table  1  were  derived  (in 
Ref.  9)  by  assuming  infinitely  high  gain  feedbacks,  which  of  course  is  not  practical  in  a 
real-world  situation.  However,  the  results  are  of  similar  form  to  those  for  more  prac¬ 
tical,  lower  gains.  Hence,  the  following  observations  based  on  the  limiting  forms  in 
Table  1  are  generally  applicable: 

•  Even  when  the  feedback  and  crossfeed  gains  are  ideal,  the  DFC 

response  characteristics  are  limited  by  certain  inherent  aerody¬ 
namic  derivatives.  For  example,  the  bandwidth  of  the  vertical 

translation  mode  is  limited  by  Z„  (aircraft  heave  damping),  even  if 
the  ai_craft  is  perfectly  decoupled. 

•  The  longitudinal  and  lateral  modes  are  symmetrical,  that  is.  the 
form  for  normal  acceleration  and  wings-level  turn  are  identical,  as 
they  are  for  pitch  pointing  and  yaw  pointing  and  for  vertical 
translation  and  lateral  translation.  Given  that  these  forms  are 
identical,  results  obtained  for  lateral  DFC  modes  may  possibly  be 
extended  to  the  longitudinal  axis  (and  vice  versa)  assuming  that 
the  piloting  tasks  are  similar. 

FLIGHT  TEST  EXPERIMENT 

The  purpose  of  the  flight  test  phase  of  this  program  was  to  fill  in  gaps  in  the  data 
base  as  required  to  develop  a  handling  qualities  criterion.  The  scope  of  the  flight  test 
program  was  quite  limited  and  hence  a  systematic  variation  of  parameters  to  define  cer¬ 
tain  boundaries  was  well  beyond  the  resources  available.  A  more  practical  approach  was 
to  take  the  hypothesis  and  disprove,  validate,  extend,  or  modify  it  based  on  the  results 
obtained  in  the  flight  test  program. 

1 .  Description  of  Flight  Test 

The  primary  task  selected  for  the  flight  test  was  air-to-air  tracking.  This  task  was 
ideal  because  the  target  motions  could  be  tailored  to  exercise  a  broad  spectrum  of  fre¬ 
quencies  in  the  tracking  aircraft. 

Due  to  structural  limitations  of  the  side  force  generators,  the  Princeton  University 
Variable  Response  Research  Aircraft  (VRA)  has  a  maximum  maneuvering  speed  of  105  kt  -- 
well  below  typical  air-to-air  combat  speeds.  It  was  therefore  necessary  to  adjust  the 
range  between  the  target  and  attacker  to  make  the  fixed  gunsight  dynamics  consistent  with 
a  typical  air  combat  encounter  (see  Ref.  9,  page  20  for  details). 

The  primary  disadvantage  of  testing  at  speeds  well  below  typical  air  combat  speeds 
(M  -  0.8)  is  that  it  is  not  possible  to  correctly  simulate  the  0.8  M  aircraft  dynamics 
and  the  pilot  acceleration  cues  simultaneously.  This  may  be  seen  from  the  equation  for 
sensed  lateral  acceleration  (Ref.  8): 


aycg 


Uo(8  +  r)  -  gt 
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TABLE  1.  IDEAL  RESPONSES  FOR  DIRECT  FORCE  CONTROL  MODES 


MODE 

CONSTRAINTS 

LIMITING  FORMS  Or  ?£GPOT~H3 

Normal 
Acceleration 
(a  =  0) 

(An) 

w  — Se,  u  — *-  6-p 

Mazw  u 

w  ^  >  7 

6l  j.jw  u  -L 

Pitch 
Pointing 
(ai ) 

a2  u  &T 

11?.*=“,,  >v 

0  •-iw-e-T  — ? 

&e  Kg=-J  (s2  -  -  Kj 

°L-T 

Vertical 

Translation 

(clq) 

0  — -  Se,  u  — Ot 

,.w  9  u 

Ns.  c.  S  4-  c 

w  “L  ~~  i  I 

SL  r£ 

SetT 

Wings -Level 
Turn 

<V 

P  —  T  — r-  SA 

„ay  e  0 

3L,  «, 

sgr  ijs  o  6s? 

&R3A 

Y  ap¬ 
pointing 
((3  i ) 

°y  —  SSF>  ?  ■—  '-’A 

tr  “-a-:?**  j=>r 

6R  h&J?  [s2-:,-3+::^] 

“o:  JA 

Lateral 

Translation 

(e2) 

♦  — -  5R>  S>  5a 

K0  *  f  rt 

fl  °SF8i\5A  6SF 

&3r  N*  15  (s  -  Yv) 

6R5A 

If  the  B  and  r  responses  are  correct,  the  lateral  acceleration  will  be  scaled  down  by  the 
inertial  speed  UQ.  In  the  present  experiment  we  elected  to  maintain  the  integrity  of  the 
sideslip  and  yaw  rate  responses  at  the  expense  of  side  acceleration  cues,  which  were 
about  a  factor  of  5  less  than  those  corresponding  to  M  =  0.80.  This  was  done  in  accord¬ 
ance  with  the  notion  that  visual  cues  are  more  dominant  than  acceleration  cues  in  air-to- 
air  tracking,  and  with  the  VRA's  maximum  lateral  acceleration  (0.5  g)  capacity.  Lateral 
accelerations  as  high  as  0.5  g  were  utilized  frequently  during  the  experiment.  This 
would  translate  to  about  2.5  g  at  M  ■  0.8.  There  is  a  requirement  for  additional  work  to 
determine:  1)  if  2.5  g  lateral  ay  is  reasonable  with  any  kind  of  practical  restraint; 

and  2)  the  effect  of  reduced  authority  on  pilot  opinion.  An  informal  discussion  with  an 
Air  Force  pilot  who  flew  the  YF-16  evaluation  up  to  a^  ■  0.9  g  indicated  that  large  a 
might  be  acceptable  if  the  pilot  could  be  appropriately  restrained.  Also,  McAllister 
noted  (Ref.  10)  that  a  1  g  command  was  acceptable,  but  a  1  g  failure  transient  was  objec¬ 
tionable. 

The  air-to-air  tracking  scenario  was  developed  to  maximize  the  probability  of  expos¬ 
ing  deficiencies  in  the  tracking  aircraft.  This  exposure  was  obtained  by  tracking  a  tar¬ 
get  aircraft  whose  heading  varied  in  a  random-appearing  fashion  corresponding  to  a  power 
spectrum  concentrated  in,  but  evenly  spaced  over,  the  frequency  range  of  interest.  I.  A. 
M.  Hall  developed  such  a  signal  in  Ref.  11  for  the  purpose  of  identifying  the  frequency 
response  characteristics  of  aircraft  in  flight.  The  signal  developed  in  Ref.  11  is  shown 
in  Fig.  3.  The  frequency  content  of  this  input  signal  as  given  in  Ref.  11  is  shown  in 
Fig.  4.  This  signal  was  selected  because  it  has  adequate  power  at  and  above  the  roll 
mode  time  constant  of  most  fighter  aircraft.  The  square  wave  was  introduced  as  a  hard- 
over  sipnal  into  the  target  aircraft  lateral  autopilot  servo  via  a  left/right  command 
switch  controlled  by  the  target  aircraft  pilot.  This  signal  resulted  in  approximately 
three-quarters  of  full  aileron  travel  at  the  testing  speed  of  105  kt  resulting  in  roll 
rates  of  approximately  30  deg/sec.  The  pilot  of  the  target  aircraft  selected  ler  id 


right  signals  via  the  schedule  in  Fig.  3  where  the  numbers  are  the  length  of  time  in 
seconds  that  the  switch  was  held  in  the  left  or  right  position.  This  was  accomplished  by 
taping  the  sequence  as  audible  right/left  commands  and  playing  it  back  to  the  target 
pilot  during  each  run. 

The  primary  mode  selected  to  test  the  bandwidth  hypothesis  was  the  wings-level  turn 
(A„  mode) .  This  mode  was  chosen  primarily  because  it  has  considerable  potential  for 
future  DFC  aircraft  in  air-to-air  and  air-to-ground  application. 

The  approach  taken  to  test  the  bandwidth  hypothesis  was  to  generate  a  series  of  con¬ 
figurations  with  adverse  and  proverse  roll  and  yaw  coupling  in  the  wings-level  turn  mode. 
If  the  bandwidth  hypothesis  is  valid,  the  pilot  ratings  should  correlate  with  bandwidth 
regardless  of  the  type  or  magnitude  of  coupling.  The  configurations  shown  in  Table  2 
were  developed  based  on  this  line  of  reasoning. 

2.  Measurement  of  Bandwidth  From  Flight  Data 

The  Variable  Stability  Research  Aircraft  (VRA)  was  mechanized  to  have  response  char¬ 
acteristics  identical  to  those  of  the  YF-16  control-configured  vehicle  (CCV)  at  a  flight 
condition  of  M  -  0.80  at  20,000  ft.  The  dynamic  characteristics  of  the  configurations 
listed  in  Table  2  were  identified  using  a  pilot-generated  frequency  sweep  input  through 
the  DFC  controller.  A  typical  DFC  control  input  and  the  yaw  rate  response  are  shown  in 
Fig.  5.  The  DFC  controller  for  the  wings-level  turn  mode  was  rudder  pedals  in  this 
experiment.  The  yaw-rate-to-pedal  transfer  functions  were  obtained  via  Fast  Fourier 
Transforms  with  typical  results  as  shown  in  Figs.  6-8  for  the  baseline  case,  as  well  as 
the  adverse  and  proverse  yaw  cases,  respectively.  The  bandwidth  of  these  configurations 
was  obtained  by  simply  noting  the  frequency  at  which  45  deg  phase  margin  or  6  dB  gain 
margin  occurs.  The  measurement  of  heading  to  DFC  controller  input  was  extremely  simple, 
requiring  only  a  pedal  position  transducer  and  a  rate  gyro. 

The  Cooper-Harper  pilot  ratings  from  the  flight  test  experiment  are  plotted  versus 
heading  bandwidth  in  Fig.  9  for  the  air-to-air  tracking  task  using  the  wings-level  turn 
mode.  The  open  symbols  in  Fig.  9  signify  that  variations  in  heading  bandwidth  were 
achieved  via  yaw  coupling,  that  is,  the  crossfeed  gain  from  the  DFC  controller  (pedal)  to 
the  rudder  was  increased  above  its  nominal  value  to  achieve  favorable  yaw  coupling  and 
below  its  nominal  value  to  achieve  unfavorable  yaw  coupling.  The  closed  symbols  in 
Fig.  9  signify  that  the  heading  bandwidth  was  varied  via  changes  in  roll  coupling  (e.g. , 
pedal  to  aileron  gain).  To  the  pilot,  favorable  yaw  coupling  appears  as  a  tendency  for 
the  nose  to  abruptly  move  in  the  direction  of  the  commanded  turn;  whereas  unfavorable  yaw 
coupling  appears  as  a  tendency  for  the  nose  to  initially  swing  away  from  the  commanded 
turn.  When  flying  a  configuration  with  favorable  roll  coupling,  the  pilot  will  observe  a 
tendency  for  the  aircraft  to  roll  in  the  direction  of  the  commanded  wings-level  turn. 


TABLE  2.  LIMITED  FLIGHT  TEST  EXPERIMENT 


Purpose 


To  check  the  validity  of  the  bandwidth  hypothesis. 

Configurations  (Total  -  1 7) 

•  Wings-level  turn  (WLT)  with  minimal  coupling  (1  configuration) 

•  WLT  with  favorable  roll  coupling  (2  configurations) 

•  WLT  with  favorable  yaw  coupling  resulting  in  similar  bandwidth  to 
the  above  roll  coupling  cases  (2  configurations) 

•  WLT  with  unfavorable  roll  coupling  (3  configurations) 

•  WLT  with  unfavorable  yaw  coupling  resulting  in  similar  bandwidth  to 
the  above  roll  coupling  cases  (5  configurations) 

•  Lateral  translation: 

Bandwidth  less  than  F-16  (Yv  -  0.2)  (1  configuration) 

Greater  than  F-16  in  bandwidth  due  to  proverse  yaw  coupling  (1 
configuration) 

Tasks 

•  Air-to-air  tracking  using  discrete  series  of  inputs  on  target  roll 
rate  to  excite  all  DFC  modes  (Fig.  3) 

•  Formation  flying  --  lateral  translation  only 
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Figure  7.  Fourier  Transformed  Heading  Response  —  Configuration 
WLT  4  (Adverse  Roll  Coupling) 

Configurations  with  adverse  roll  coupling  tend  to  roll  away  from  the  commanded  wings- 
level  turn.  On  the  whole,  tne  data  in  Fig.  9  support  the  bandwidth  hypothesis.  That  is, 
the  pilot  ratings  are  similar  for  aircraft  with  approximately  equal  values  of  heading 
bandwidth  regardless  of  the  secondary  aircraft  motions  (coupling).  For  example,  the 
pilot  rating  for  Configurations  WLT4  and  WLT15  (adverse  yaw  coupling)  are  approximately 
the  same  as  the  pilot  ratings  for  Configuration  WLT13  (adverse  roll  coupling).  As  can  be 
seen  from  Fig.  9,  all  three  of  these  configurations  have  approximately  the  same  heading 
bandwidth  of  between  0.7  and  0.8  rad/sec. 

The  rating  data  in  Fig.  9  indicate  that  even  the  best  wings- level -turn  configurations 
barely  met  the  classical  definition  of  LeveL  1  flying  qualities  (e.g.,  Cooper-Harper 
pilot  rating  equal  to  or  better  than  3.5).  However,  when  one  considers  that  the  task 
involved  tracking  a  target  which  was  undergoing  large  and  rapid  bank  angle  reversals,  it 
is  difficult  to  conceive  of  any  configuration  that  would  correspond  to  the  description  of 
a  pilot  rating  of  3  ("minimal  pilot  compensation  required  for  desired  performance"). 

A  summary  of  the  flight  test  results  is  given  below: 

•  The  bandwidth  hypothesis  appears  to  be  valid,  e.g., 

Yaw  and  roll  coupling  are  rated  equally  when  they  occur  at  the 
same  bandwidth. 

Favorable  coupling  results  in  little  rating  degradation. 

•  Control  sensitivity  was  found  to  be  critical  at  elevated  levels  of 
favorable  coupling. 

•  Pilot  acceleration  was  noted  to  be  a  problem  for  favorable  coupling 
even  at  the  reduced  levels  of  lateral  acceleration  used  in  this 
flight  test. 

•  The  bandwidth  required  for  Level  1  flying  qualities  was  1  .25  and 
for  Level  2  was  0.55  rad/sec.* 


*Level  1  implies  a  Cooper-Harper  Piloting  Rating  of  3-1/2  or  better  and  Level  2 
implies  a  rating  range  between  3-1 /Z  to  6-1/2. 
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Figure  8.  Fourier  Transformed  Heading  Response  --  WLT  10 
(Proverse  Roll  Coupling) 
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Figure  9.  Correlation  of  Pilot  Rating  with  Heading  Bandwidth; 
Wings-Level  Turn  Mode:  Air-to-Air  Tracking  Task 


•  Use  of  conventional  controls  for  gross  maneuvering  and  DFC  control 
for  fine  tuning  was  found  to  be  acceptable  and  even  desirable. 


•  The  bandwidth  required  for  the  path  deviation  task  was  0.3  rad/sec 
(formation).  This  is  consistent  with  previous  conventional  mode 
results  as  well  as  with  the  F-16  lateral  translation  results. 


As  noted  above,  the  issue  of  control  sensitivity  had  to  be  addressed  especially  at 
elevated  levels  of  favorable  coupling.  The  pilots  were  allowed  to  vary  the  control  sen¬ 
sitivity  during  the  experiment.  It  was  found  that  for  the  favorable  coupling  cases  (both 
yaw  and  roll)  non-optimal  levels  of  control  sensitivity  led  to  severe  degradations  in 
pilot  rating.  When  the  coupling  was  small  or  adverse  there  did  not  appear  to  be  a 
noticeable  dependence  of  pilot  rating  on  control  sensitivity. 

Pilot  acceleration  was  noted  to  be  a  factor,  especially  for  favorable  roll  coupling. 
This  was  a  consequence  of  the  pilot's  head  being  above  the  roll  axis  and  hence  would  not 
scale  with  flight  speed.  Some  pilots  objected  to  this  more  than  others. 

TENTATIVE  SPECIFICATION 

A  tentative  flying  qualities  specification  based  on  the  results  discussed  above  is 
given  in  below: 

Dynamics 

The  response  of  the  control  variable  defined  in  Table  4  shall  have  at 

least  6  dB  of  gain  margin  and  45  deg  of  phase  margin  at  cu  >  _  rad/sec 

(from  Table  3)  for  Level  1  and  _  rad/sec  (from  Table  3)  for  Level  2. 

Control  Authority 

The  control  variable  defined  in  Table  3  shall  achieve  a  value  equal  to 
or  greater  than  for  full  CCV  control  input. 

Acceleration  of  Pilot 

Abrupt  DFC  inputs  shall  not  produce  pilot  head  or  arm  motions  that 
interfere  with  the  appropriate  tasks  as  defined  in  Table  3.  Pilot 
restraints  shall  not  obstruct  his  normal  field  of  view  or  interfere 
with  manipulation  of  any  cockpit  control. 

A  study  of  control  authority  was  beyond  the  scope  of  this  program,  and  hence  has  not  yet 
been  determined.  Values  of  bandwidth,  which  were  shown  to  be  limiting  in  the  flight  test 
experiment,  are  presented  in  Table  3.  The  variable  for  which  bandwidth  is  to  be  speci¬ 
fied  depends  on  the  task  being  performed.  An  initial  attempt  to  define  the  appropriate 
variables  based  on  the  piloting  tasks  is  presented  in  Table  4. 


TABLE  3.  BANDWIDTH  REQUIREMENT  IS 
TASK  DEPENDENT 


TABLE  4.  CONTROL  VARIABLE  DEPENDS  ON 
DETAILS  OF  TASK 


Tracking  (CAT  A) 

•  Air  to  air  gunnery 

•  Strati  ng 

•  Photo 

•  Dive  bombing 

Path  Deviation  (CAT  C) 
t  Formation 

•  A  r  to  air  refueling 

•  Approach 


Short  Final  and  Landing 
("CAT  D") 


Required  Bandwidth 
(rad/ sec) 

Level  1 

Level  2 

1.25 

a  55 

0.30 

a  10 

1.0 

? 

Air  to  air  tracking 


Control  Variable 

Pipper  error  for 

i!o  >  0.4 
R 

8  on^ acceptable  if 
Up  <  14 
R 


Air  to  ground  tracking 

•  Pointing  tasks 

—  Strafing 
—  Photo 

•  Flight  path  tasks 

—  Dive  bombing 

Path  Deviation  Tasks  and 
Landing 


Path  angle 


Path  angle 


t 
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EXPERIMENTAL  FLIGHT  TEST  PROGRAMS  FOR  IMPROVING  COMBAT  AIRCRAFT  MANOEUVRABILITY 
BY  MANOEUVRE  FLAPS  AND  PYLON  SPLIT  FLAPS 


by 

D.  JACOB,  D.  WELTE,  H.  WONNENBERG 

DORNIER  GMBH 
Postfach  142o 
799  Friedrichshafen 


SUMMARY  : 

The  paper  describes  two  flight  test  programs  which  are  currently  in  progress  with  the  Alpha-Jet  as  test 
vehicle. 

In  the  first  program  the  standard  wing  of  the  aircraft  is  replaced  by  a  transonic  wing  with  manoeuvre 
flaps.  Wind  tunnel  and  flight  test  results  are  presented  which  show  the  increase  in  performance  and 
manoeuvrability  based  on  the  improved  drag  polars  and  buffet  limits. 

In  the  second  program  pylon  split  flaps  are  used  to  provide  flat  turn  and  side  step  manoeuvres  by  an 
alternating  deflection  of  the  four  left  or  right  split  flaps.  A  drag  modulation  mode  is  realized  by 
symmetrical  deflection  of  all  eight  flaps. 


1.  INTRODUCTION 

The  German  Ministry  of  Defense  is  currently  sponsoring  two  aerodynamics  and  flight  mechanics  oriented 
experimental  flight  test  programs  at  Cornier  which  are  based  on  the  Alpha-Jet  as  a  test  vehicle.  The  pur¬ 
pose  of  the  programs  is  to  show  the  improvements  in  manoeuvrability  and  performance  which  can  be  obtained 
by  replacing  the  standard  wing  by  a  transonic  wing  with  manoeuvre  flaps  and  by  installing  pylon  split 
flaps  for  direct  side  force  control  and  drag  modulation. 

In  the  first  program,  called  TST  (Trans^sonischer  Tragflugel  =  Transonic  Wing), which  incorporates  a  tran¬ 
sonic  wing  with  manoeuvre  flaps  (Fig.  1  ),  part  o7  the  flight  testing  has  already  been  completed,  so  that 
first  flight  test  results  can  be  shown. 

The  flight  tests  of  the  second  program  called  DSFC  (Direct  Side  Force  Control)  will  start  later  this  year. 
The  pylon  split  flaps  to  be  investigated  in  this  program  are  attached  To  pylons  on  the  standard 
Alpha-Jet  wing. 


2.  THE  T  S  T  -  PROGRAM 
2.1  General  Information 

The  TST-program  consists  of  the  design,  manufacturing  and  flight  testing  of  a  transonic  wing  with 
manoeuvre  flaps.  The  main  purpose  of  the  program  is  the  investigation  of  the  improvements  in  performance 
and  manoeuvrability  obtainable  by  a  transonic  wing  on  a  subsonic/transonic  combat  aircraft  and  the 
development  and  testing  of  theoretical  and  experimental  methods  required  for  the  design  of  future  transonic 
combat  aircraft. 

Specific  points  of  interest  are: 

-  3-D  effects  on  moderate  aspect-ratio  wings 

-  performance  of  a  transonic  wing  in  a  broad  CL-M-region 

-  effectiveness  of  manoeuvre  flaps  on  a  transonic  wing 

-  the  behaviour  at  and  beyond  the  buffet  boundary 

Since  a  complete  description  of  the  design  philosophy  and  the  theoretical  and  experimental  work  up  to  1976 
is  published  in  reference  / 1/ ,  only  a  short  review  of  the  background  of  the  program  is  given  here. 

The  program  started  in  1974  when  the  German  Ministry  of  Defense  (BMVg)  awarded  a  contract  to  Dornier  as 
prime  contractor  and  VFW-Fokker  as  subcontractor.  It  was  joined  by  ONERA  in  1975.  Fig.  2  shows  the  parti¬ 
cipating  agencies  and  their  main  contributions.  The  DFVLR  supported  the  program  by  a  series  of  wind 
tunnel  tests. 

Flight  testing  began  in  December  1980  and  is  currently  continuing  as  a  joint  effort  of  Dornier  and  the 
German  Flight  Test  Center  (BWB  AFB  LG  IV  and  E-Stelle  61)  in  Manching.  Since  not  all  configurations  have 
been  flown  so  far  and  since  the  already  available  data  have  not  yet  been  completely  evaluated,  only 
preliminary  results  can  be  presented.  A  final  evaluation  will  be  available  next  summer. 
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2.2  Design  Description 

Compared  with  a  conventional  wing  a  transonic  wing  offers  the  following  advantages  either  alternatively 
or  in  combination: 

•  increased  maximum  flight  velocities 

•  increased  lift  coefficients  at  a  given  Mach  number 

results  in:  -  increased  tationary  and  non-stationery  load  factors 
consequence:  -  improved  manoeuvrability 

-  reduced  vulnerability 

•  increased  wing  thickness 

results  in:  -  lower  structural  weight 

-  increased  tank  volume 

consequence:  -  increased  radius  of  action 

•  reduced  sweep  angle  of  wing 

results  in:  -  lower  structural  weight 

-  improved  stall  behaviour 

consequence:  -  reduced  landing  velocity 


The  selection  of  the  optimum  design  parameters  depends  on  the  requirements.  In  the  TST-program  the  choice 
was  limited  due  to  the  following  restrictions: 

•  Cost  and  airplane  availability  considerations  allowed  only  a  replacement  of  the  wing  and  no  further 
modifications.  Since  the  tail  could  not  be  modified,  the  wing  planform  (sweep  angle)  had  to  be  kept 
constant  (Fig.  3). 

•  An  increased  drag-rise  Mach  number  could  not  be  fully  utilized  due  to  thrust  restrictions.  Therefore, 

a  thicker  profile  was  selected  which  could  be  generated  without  changing  the  existing  wing  spar  (Fig. 4). 

Based  on  these  considerations,  the  TST  experimental  wing  shows  the  following  differences  to  the  wir.g  of 
the  standard  Alpha-Jet  (Fig.  5): 

•  Transonic  profiles 

(thickness,  approximately  20  %  increased) 

•  Extended  wing  leading  edge 
(to  improve  area  distribution) 

•  Manoeuvre  flaps 

(consisting  of  slats  and  25  t  single-slotted  fowler-flaps). 

Fig.  6  shows  a  comparison  of  the  new  TST-profile  with  the  profile  (modified  RAE  103)  of  the  standard 
Alpha-Jet.  With  a  thickness  of  12.4  %  at  the  root  and  10.3  %  at  the  tip  it  is  approximately  20  %  thicker 
than  the  standard  profile.  It  is  designed  such  that  the  drag  rise  Mach  number  is  not  decreased  at  low  lift 
coefficients  and  increased  at  high  CL~values. 

The  different  slat  and  flap  positions  are  described  in  Figures  7  and  8.  The  standard  Alpha-Jet  has  no  slats 
and  30  %  single-slotted  landing  flaps  with  a  fixed  hinge-line.  In  the  q.  =  32  -position  both  flaps  have  the 
same  extension  of  the  wing  planform. 

On  the  current  experimental  flight  test  wing  the  flaps  and  slats  cannot  be  moved  in  flight.  Due  to  funding 
restrictions  it  was  decided  to  use  fixed  flap  positions,  which  can  be  changed  on  the  ground  corresponding 
to  the  five  positions  shown  in  Figures  6-8. 


2.3  Results 

The  configurations  described  in  the  previous  section  have  been  designed  by  a  series  of  theoretical  and 
experimental  Investigations.  Most  of  the  low  speed  tests  have  been  performed  by  the  DFVLR.  In  addition  to 
2D- transonic  tests  in  the  S3-Wind  tunnel  the  ONERA  contributed  high-speed  tests  with  a  1:10  model  in  their 
S2-wind  tunnel  at  a  Reynolds  number  Re  =  2.5  •  10°  (based  on  mean  aerodynamic  chord)  and  a  full  scale  half¬ 
model  test  in  the  Sl-tunnel  at  Re  «  4  +  25  •  10°.  In  the  transonic  Sl-tunnel  with  its  8  m  diameter  test 
section  the  actual  half-wing  of  the  airplane  attached  to  a  simplified  fuselage  could  be  tested.  The  wing 
(Fig.  5)  was  equipped  with  the  same  devices  used  in  the  flight  tests: 

-  static  pressure  tubes  at  4  sections 
(48  pressures  in  each  section) 

-  20  kulite  dynamic  pressure  probes  in  4  sections  on  the  upper  side  of  the  wing 
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-  a  rotating  pitot-rake  for  wake  measurements  at  the  trailing  edge 

-  5  accelerometers  for  buffet  analysis 

-  24  strain  gages  for  load  and  buffet  analysis 

Flight  tests  began  on  December  12,  1980  with  the  clean  configuration  (flaps  and  slats  retracted)  and  were 
continued  with  the  configurations  qv  =  5°/ry<  =  32°  (Fig.  8)  and  r\v  =  0°  extended  /  %  -  5°  (Fig.  7).  The 
test  data  have  only  been  partially  evaluated,  so  that  the  following  results  describe  mainly  the  clean 
configuration  with  some  additional  data  for  the  rjv  =  5°/r^  =  32°  configuration. 

As  shown  in  Fig.  2,  the  flight  tests  are  performed  in  cooperation  with  the  German  Flight  Test  Center  (E-61) 
in  Manching.  The  flight  envelopes  for  each  configuration  are  opened  by  Dornier,  while  the  majority  of  the 
flights  for  performance  and  control  evaluations  is  carried  out  by  E-61. 

In  Fig.  9  flight  test  results  for  the  TST  and  the  standard  Alpha-Jet  are  compared  for  the  clean  configu¬ 
ration  at  Mach  number  M  =  0.50,  M  =  0.70  and  M  =  0.825.  The  drag  polars  C. (Cn)  of  the  TST  were  obtained 
from  steady  flight  data.  Additional  flight  test  points,  derived  from  non-stationary  manoeuvres,  will  be 
added  later  on.  As  expected  from  wind  tunnel  tests  the  difference  between  TST  and  Alpha-Jet  polars  is 
small  at  M  =  0.5  but  increases  with  increasing  Mach  number.  At  M  =  0.825,  which  is  close  to  the  design 
Mach  number  for  the  TST,  the  transonic  wing  has  a  considerably  lower  drag  than  the  standard  wing. 

Fig.  10  shows  good  agreement  of  drag  rise  curves  from  flight  tests  and  wind  tunnel  tests  for  the  clean 
configuration.  As  pointed  out  previously,  the  transonic  wing  was  designed  such  that  there  is  only  a  small 
increase  of  the  drag  rise  Mach  number  at  small  lift  coefficients  C^  and  a  larger  increase  at  larger  Cl. 

It  has  to  be  kept  in  mind  that  the  improved  drag  rise  characteristic  of  the  TST  has  been  obtained  with 
a  20  %  thicker  wing! 

In  Fig.  11  the  lift  coefficient  Cl  for  buffet  onset  (or  light  buffet)  is  plotted  as  function  of  M  — . 

In  this  figure  buffet  onset  is  defined  as  the  point  {  etc  ,  Cl)  where  the  root  mean  value  O'  the  wing  root 
bending  moment  Cp  reaches  twice  the  value  it  has  at  small  angles  of  attack.  The  results  were  obtained  in 
the  S2  wind  tunnel  at  Re  =  2.5  >10°.  The  thicker  transonic  wing  can  reach  higher  buffet-free  lift 
coefficients  than  the  standard  wing.  The  additional  increase  which  can  be  realized  by  manoeuvre  flaps  is 
considerable. 

Buffet  curves  derived  from  flight  test  results  are  shown  in  Fig.  12.  The  absolute  values  of  these  buffet 
onset  curves  are  somewhat  lower  than  the  values  presented  in  Fig.  11.  The  difference  between  transonic 
and  standard  wing  is,  however,  similar  in  both  figures.  Aiming  and  manoeuvre  limits  lie,  of  course,  at 
higher  lift  coefficients  for  both  wings. 

The  TST  flight  test  curves  based  on  pilot  perception  are  supported  by  data  obtained  from  wing  tip  accele¬ 
rometer.  The  divergence  point  of  the  wing  tip  accelerometer  agrees  closely  with  the  pilots  impression  of 

buffet  onset.  A  more  detailed  analysis  of  different  buffet  indicators  is  in  progress. 

In  Fig.  13  the  maximum  lift  coefficients  for  both  wings  are  compared.  For  the  clean  configuration  the 

maximum  lift  coefficient  of  the  transonic  wing  is  increased  by  AC|_  *  0.04  relative  to  the  standard  wing, 

while  for  the  landing  configuration  the  increase  is  A  Cl  -  0.37  which  is  mainly  due  to  the  slat  on  the 
TST.  Similar  to  the  Alpha-Jet  the  stall  behaviour  for  both  configurations  is  very  good  with  early  stall- 
warning,  symmetrical  stall  and  full  control  in  the  stall  region. 

After  the  major  aerodynamic  results  obtained  from  wind  tunnel  and  flight  tests  have  been  describee  he 
corresponding  improvements  in  performance  and  manoeuvrability  have  to  be  discussed. 

Fig.  14  shows  the  radius  of  action  of  the  A1 pha-Jet-TST  and  the  standard  Alpha-Jet.  The  transonic  wing 
increases  the  radius  of  action  considerably  because  of  the  following  reasons: 

-  reduced  drag 

-  increased  wing  thickness  (increases  internal  tank  volume) 

-  wing  leading  edge  glove  (also  increases  internal  tank  volume) 

The  maximum  stationary  load  factors  reached  with  the  TST  in  flight  tests  are  increased  by  approximately 
1  g  in  the  complete  altitude  range  (see  Fig.  15). 

Fig.  16  gives  a  comparison  of  non-stationary  manoeuvre  limits  for  a  load  factor  of  n  =  7.5  at  buffet  onset. 
The  curves  describe  the  maximum  altitude  for  buffet-free  flight  at  n  =  7.5  as  function  of  the  Mach  number. 
They  are  based  on  the  buffet  onset  curves  of  Fig.  12  for  the  clean  wing  and  Fig.  11  for  manoeuvre  confi¬ 
gurations.  It  is  clearly  seen  that  the  transonic  wing  with  and  without  manoeuvre  flaps  allows  n  =  7.5 
manoeuvres  at  much  higher  altitudes  or  vice  versa  considerably  larger  non-stationary  load  factors  at  a 
constant  altitude. 

The  improved  maximum  lift  coeffici.nts  at  low  speeds  discussed  in  Fig.  13  lead  to  reduced  corner  speeds, 
increased  turn  rates  and  reduced  turn  radii  as  shown  in  Fig.  17.  The  major  improvement  is  obtained  by 
deflecting  the  TST  manoeuvre  flaps.  Comparable  figures  for  the  standard  wing  in  landing  configuration  are 
non  included  because  the  flaps  of  the  standard  wing  are  not  designed  for  loads  corresponding  to  n  =  4  g. 


2.4  Conclusion 

The  flight  test  results  described  in  the  previous  section  indicate  that  a  transonic  wing  with  manoeuvre 
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flaps  offers  substantial  improvements  in  performance  and  manoeuvrability  compared  with  the  standard  wing. 

A  more  detailed  analysis  including  a  comparison  of  the  complete  flight  test  results  with  theoretical 
results  and  experimental  data  obtained  in  different  wind  tunnels  will  be  presented  after  completion  of  the 
f’ight  test  program.  The  theoretical  and  experimental  experience  gained  in  the  TST  program  will  facilitate 
the  effective  design  of  future  subsonic/transonic  combat  aircraft. 

It  is  planned  to  continue  the  TST  program  with  manoeuvre  flaps  which  are  automatically  positioned  in  flight 
such  that  an  optimum  increase  in  manoeuvre  performance  in  the  entire  flight  envelope  can  be  realized. 


3.  THE  DSFC  -  PROGRAM 

Another  research  program,  which  is  realized  with  an  Alpha-Jet  as  test  aircraft,  will  investigate  the 
effectiveness  of  pylon  split  flaps  for  direct  side  force  and  drag  control  purposes.  When  proposing  this 
paper  to  the  program  committee,  we  expected  that  first  flight  test  results  could  be  presented  at  this 
meeting,  too.  But  due  to  some  additional  unforeseen  tasks  of  the  provided  test  aircraft,  one  of  the  proto¬ 
types,  the  begin  of  the  flight  tests  is  retarded.  Therefore,  only  some  of  the  aims  and  technical  aspects 
of  the  program  can  be  shortly  discussed  here;  a  detailed  description  was  given  already  at  an  AGARD-FDP 
Symposium  /2/. 

The  pylon  split  flap  arrangement  at  the  Alpha-Jet  enables  th  aircraft  to  use  some  CCV-techniques  with 
only  few  modifications  and  without  a  complex  control  system.  Fig.  18  shows  the  arrangement  which  consists 
of  two  flaps  at  each  pylon.  Using  the  first  15  mm  of  the  rudder  pedals  travel  for  control  of  either  the 
four  left  or  the  four  right  flaps  to  produce  left  or  right  DSF.  A  control  of  all  eight  flaps  simultaneous¬ 
ly  produces  an  effective  drag  control. 

Fig.  19  shows  the  operational  modes  which  can  be  realized  with  the  system: 

-  side  slip  free  change  of  the  course  with  constant  bank  angle,  which  is  faster  than  the  conventional 
heading  change  and  does  not  disturb  the  moments  equilibrium; 

-  side  step  manoeuvre  at  constant  attitude  for  crosswind  compensation  and  formation  flight  control 
improvement; 

-  drag  modulation  for  sudden  decelerations  in  air  combat,  steeper  approaches  at  sufficient  engine  thrust, 
quicker  deceleration  from  cruising  to  approach  speed  and  glide-path  control. 

Different  configurations  of  DSFC  control  surfaces  were  analyzed  in  the  theoretical  and  experimental  study 
(Fig.  20): 

-  special  control  surfaces  under  the  wing 

-  split  flaps  and  spoilers  at  the  pylons 

-  vertical  canards 


Fig.  20  shows  the  effectiveness  measured  in  the  wind  tunnel  of  the  different  configurations. 

The  criterium  to  achieve  an  effectiveness  as  great  as  possible  with  small  coupling  moments  and  low  tech¬ 
nical  complexity  finally  led  to  the  decision  to  pursue  the  configuration  with  split  flaps  at  the  four 
external  store  pylons. 

Since  the  center  of  pressure  of  the  pylon  split  flaps  is  situated  near  the  aircraft  center  of  gravity  with 
respect  to  the  z  and  x-direction,  it  could  be  expected  that  with  DSFC  flap  deflection  no  or  only  incon¬ 
siderable  coupling  moments  will  occur,  so  that  a  coupling  between  DSFC  and  the  conventional  control  sur¬ 
faces  is  not  necessary  for  the  compensation  of  these  moments. 

Two  configurations  of  the  flaps,  a  longer  and  a  short  one,  have  been  investigated  by  wind  tunnel  tests 
with  an  1:5  Alpha-Jet  model.  Fig.  21  shows  the  effectiveness  of  two  representative  flaps  at  the  inner 
station.  The  difference  between  flap  1  and  2  is  caused  by  induced  side-wash  effects  at  the  pylon,  which 
enlarges  the  effectiveness  of  flap  1  and  reduces  it  for  flat,  2.  The  interference  effects  in  roll,  second 
diagram  of  the  Fig.  21,  shows  that  both  flaps  are  producing  an  opposite  rolling  moment.  This  fact  has 
been  used  to  compensate  the  remaining  coupling  moments  internally  by  a  proper  adjustment  of  the  different 
deflections  of  the  four  flaps.  Furthermore,  the  absolute  values  of  the  coupling  moments  are  signifi¬ 
cantly  smaller  for  the  shorter  flaps  and  as  the  next  Fig.  22  shows,  also  the  hinge  moments,  which  would 
cause  less  hydraulic  power  for  actuation. 

A  final  evaluation  of  the  wind  tunnel  results  showed  that  with  the  shorter  flaps  even  the  same  overall 
effectiveness  than  for  the  longer  could  be  realized  with  the  control  law  of  Fig.  23  including  the  com¬ 
bined  rudder  deflection  due  to  the  corresponding  pedal  travel.  The  effective  maximum  side  force  coefficient 
corresponds  to  a  lateral  acceleration  of  0.4  g  at  VC  =  400  kts. 

The  remaining  coupling  moments,  due  to  non-linearities,  request  a  simple  artificial  yaw,  roll  and  pitch 
damping  equipment.  The  next  Fig.  24  shows  the  effectiveness  of  the  split  flaps  in  drag  producing  which 
creates  twice  the  value  of  the  normal  air  brakes  with  the  same  small  nose-up  pitch  coupling  moment. 


t6St  pr°ff’  which  is  env1saged  to  start  in  the  very  near  future,  should  demonstrate  the 
expected  Improvement  in  manoeuvrability  and  aiming  capacity.  The  flight  tests  are  planned  in  two  phases: 
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one  is  to  check-out  and  optimize  the  system  itself  and  give  some  iirst  qualitative  results,  the  second 
phase  will  include  gun  firing  and  weapon  release  tests  using  this  new  equipment  to  show  whether  the 
advantage  are  quantitatively  significant  enough  to  discuss  a  possible  installation  into  the  series 
Alpha-Jets. 
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SUMMARY 

In  this  paper,  a  flight  control  system  analysis  and  synthesis  method  is  presented 
that  is  intended  to  be  especially  suitable  for  application  to  vehicles  exhibiting  complex 
dynamic  characteristics.  For  such  vehicles  quantitative  handling  qualities  specifications 
are  not  usually  available.  However,  handling  qualities  objectives  are  specifically  intro¬ 
duced  in  this  method  via  the  hypothesis  of  correlation  between  pilot  ratings  and  the  ob¬ 
jective  function  of  an  optimal  control  model  of  the  human  pilot.  Further,  since  aug¬ 
mentation  and  pilot  operate  in  parallel,  simultaneous  determination  of  the  augmentation 
and  pilot-model  gains  is  required.  Desirable  augmented  dynamics  are  obtained  for  a 
variety  of  complex  systems  and  the  method  is  experimentally  verified  in  the  case  of 
simple  pitch-damper  gain  selection  for  optimum  pitch  tracking  performance. 


PREFACE 

Clearly,  in  the  design  of  flight  vehicles,  the  piloted  performance  of  these  man- 
machine  systems  and  the  difficulty  of  the  piloting  task  is  extremely  important.  The 
ultimate  measure  of  merit  in  this  regard  is  the  pilot  opinion  ration  (P.O.R.)  of  the 
vehicle's  handling  qualities.  By  means  of  an  established  rating  method  (i.e.  the  Cooper- 
Harperl  rating  system),  the  pilot's  subjective  rating,  considering  performance  and 
difficulty  factors,  is  quantified  through  flight  tests  and/or  man-In-the-loop  simulation. 
The  overall  objective  of  this  paper  is  to  present  a  unified  methodology  for  achieving 
desirable  man-in-the-loop  performance  of  advanced,  complex  flight  vehicle  systems. 

The  two  fundamental  problems  to  be  discussed  here,  generally  stated,  are 

•  On  what  quantitative  factors  does  the  pilot  rating  depend  and  how  can  the 
pilot's  opinion  rating  be  analytically  predicted? 

•  If  a  proposed  vehicle  Is  predicted  to  be  unacceptable  to  the  pilot,  how  should 
the  vehicle  be  modified  to  achieve  maximum  pilot  acceptance  or  performance? 

A  multitude  of  vehicle-dependent  factors  are  ultimately  involved.  They  include 

1.  Instrumentation  availability  and  information  quality,  or  the  machlne-to-man 
information  interface 

2.  Control  manipulator  design  or  the  man-to-machine  information  interface  and 

3.  The  inherent  dynamic  properties  of  the  pilot-vehicle  system 

In  this  paper  we  are  primarily  concerned  with  the  latter  very  important  area  dealing  not 
only  with  the  human  element,  but  also  with  the  aeronautical  systems  areas  of  flight 
vehicle  control  systems  analysis  and  synthesis  with  emphasis  on  systems  of  high  order. 


1.  BACKGROUND 

Historically,  the  pilot's  opinion  rating  was  almost  completely  dependent  on  the 
vehicle’s  rigid  body  dynamics.  The  approach  taken  to  solve  the  two  fundamental  problems 
stated  above  was  to  correlate  a  host  of  pilot  opinion  data  with  these  rigid  body  dynamic 
characteristics  (e.g.,  the  frequency  and  damping  of  the  various  modes).2  Acceptable 
open-loop  vehicle  dynamic  characteristics  have  then  provided  the  vehicle  designer  the 
specifications  or  design  objectives. 

This  approach  has  been  appropriate  for  vehicles  exhibiting  conventional  dynamic 
properties  dominated  by  these  rigid  body  modes.  However,  quantitative  specifications 
based  on  pilot  opinion  data  are  almost  nonexlstant  for  vehicles  with  non-conventional 
dynamics  resulting  from  foreign  operating  environments  or  radically  new  designs;  for 
example,  control-configured  vehicles  (CCV's).  Furthermore,  the  effects  of  dynamic  modes 
previously  ignored,  such  as  aeroelastic  and  control  or  display  augmentation,  have  been 
found  to  significantly  alter  pilot  opinion  ratings  from  that  "predicted"  by  simple  rigid 
body  handling  qualities  specifications. 3-4  These  effects  become  extremely  Important 
when  considering  new  large,  flexible  and/or  highly  augmented  vehicles  of  the  future. 

An  alternative  approach  to  the  open-loop  method  described  above  is  that  of  analyt¬ 
ically  predicting  the  pilot  rating  by  means  of  a  pilot-vehicle  model.  The  most  notable 
of  these  techniques,  originally  applied  to  a  VTOL  hover  task,  was  the  "paper  pilot" 
proposed  by  Anderson. 5  In  this  approach,  as  well  as  in  later  applications  of  the 
"paper  pilot",  parameters  in  a  describing- function  pilot  model  of  assumed  form  were 
chosen  to  minimize  a  pilot  rating  metric,  and  this  metric  was  empirically  related  to  the 
pilot  opinion  rating.  This  rating  metric  consisted  of  a  measure  of  performance  (e.g., 
rms  tracking  error)  and  a  measure  of  pilot  work  load  expressed,  in  this  case,  in  terms 
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of  "lead"  required  In  the  pilot's  describing  function  (see  McRuer^).  In  an  assessment 
of  this  technique?,  it  was  found  that  a  pilot  rating  metric  based  on  easi  ly-i-.^asured , 
closed-loop  performance  parameters  correlated  well  with  pilot  rating  in  certain  cases. 

Other  more  recent  efforts  have  been  reported  by  Smith°,  0nstott9,10,  and  Brulle  & 
Andersonll.  These  approaches  also  utilized  a  frequency  response  approach  to  modeling  the 
man-machine  system  dynamics,  or  a  pilot  describing  function. 

This  fact  is  the  fundamental  difficulty  with  using  these  approaches  for  higher 
order  systems  applications.  The  form  of  the  pilot's  describing  function  must  be  specified 
a  priori.  For  "conventional"  vehicles  and  "conventional"  piloting  tasks  this  may  be 
possible.  However,  for  radically  new  multivariable  vehicles  such  as  those  cited  previously 
the  analytical  pilot  model  is  not  well  established.  The  pilot  is  known  to  adapt  his  gain 
and  form  of  equilization  to  the  vehicle  and  task,  and  clearly,  the  accuracy  of  any  analyt¬ 
ical  pilot  rating  prediction  will  depend  on  the  validity  of  the  pilot-vehicle  model.  A 
much  more  general  model  is  required,  a  model  which  determines  the  pilot  gains,  equilization 
etc.  for  the  vehicle  and  task  in  question. 


2.  PREDICTING  PILOT  RATING 

Due  to  the  multi-variable  aspects  of  these  new  system  concepts,  an  optimal-control 
pilot  model!?  appears  appropriate.  This  modeling  approach  has  been  utilized  successfully 
to  predict  piloted  vehicle  performance  in  numerous  tasks,  including  low  visibility 
landings^,  piloted  aircraft  system  stability11* ,  and  to  investigate  display  design. 15 


The  model12  is  based  on  the  assumption  that  the  well-trained,  well-motivated  human 
pilot  adjusts  his  gains  and  compensation  for  the  vehicle  and  task  such  that  an  objective 
function,  Jp,  is  minimized  subject  to  human  limitations.  Where 
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E(- )  denotes  expected  value 


(1) 


and  Q,  R,  and  G  are  selected  weighting  matrices,  and  the  plant  dynamics  are  modeled  by 
the  linear  relation 


x  =  Ax  +  Bup  +  noise  (2) 

The  pilot's  control  vector  is  up,  and  the  pilot's  vector  of  (delayed)  observations  is 

Yp  *  Cx  (t-t)  +  noise  (3) 

Furthermore,  Hess1*’  has  shown  that  the  optimal  control  model  may  be  used  for  predic¬ 
ting  pilot  opinion  for  simple  vehicle  (plant)  dynamics  and  for  the  helicopter  hover  task. 
He  convincingly  argues  that  if  pilot  opinion  is  driven  by  performance  and  work  load,  the 
index  of  performance  in  the  optimal-control  pilot  model,  Jp,  should  reflect  this,  due  to 
the  fact  that  Jp  Is  expressed  as  rms  (or  quadratic)  performance,  control  activity,  and 
control  rates.  FThe  use  of  this  modeling  approach  for  pilot  rating  prediction  allows  for 
a  natural  pilot  rating  metric  via  the  pilot-model  objective  function.  Proper  selection, 
based  on  a  careful  definition  of  the  task,  of  the  state  and  control  weights  (Q,  R,  and  G) 
iri  the  objective  function  ultimately  predicts  a  dynamic  model  for  the  pilot  plus  a  pilot 
rating.  Since  this  objective-function/rating  correlation  provides  a  valuable  tool  for 
handling  qualities  research  and  flight  control  synthesis,  as  used  in  the  methodology  to 
be  presented,  validating  it  over  a  wide  range  of  tasks  and  plant  dynamics  is  appropriate. 


To  this  end,  an  analysis  of  Arnold's  (Ref.  17)  simulation  results  for  fourteen  air¬ 
craft  configurations  flight  tested  earlier  by  Neal  and  Smith  (Ref.  3)  has  been  completed. ^ 
A  fixed  set  of  pilot  model  parameters  were  found  for  all  cases  in  modeling  the  simulated 
regulation  task,  and  a  strong  correlation,  shown  in  Figure  1,  was  obtained  between  the 
cost  function  and  rating.  Furthermore,  modeling  the  same  fourteen  configurations  in  the 
tracking  task  used  by  Neal  and  Smith  Indicated  reasonable  correlation  as  well,  considering 
no  experimental  data  Is  available  from  the  Neal  and  Smith  tests  to  check  the  pilot  model 
parameters  in  this  case.  Other  results  presented  in  Ref.  18  indicate  that  with  the  vehicle 
and  task  properly  modeled,  an  objective  function/rating  correlation  is  evident  for  highly 
augmented  aircraft  and  very  flexible  vehicles  as  well. 


3.  SYNTHESIS  METHODOLOGY 

Utilizing  this  rating  hypothesis,  a  methodology  for  augmenting  the  man-machine  system 
dynamics  to  improve  pilot  acceptability  has  been  proposed  by  Schmidt1^  based  on  the 
following  analysis.  Recalling  the  previous  discussion  on  pilot  ratings,  if  the  smaller 
the  value  of  the  pilot’s  objective  function  the  better  the  pilot  rating,  then  the  best 
augmentation  will  minimize  the  pilot's  objective  function  J  (defined  in  the  optimal 
control  pilot  model)  as  given  in  Eq,  (1),  or  p 

jP  *  e{t-  Jq  +  “PT  % +  y  Gydt} 

We  shall  choose  then,  as  a  reasonable  performance  index  or  objective  function  for 
the  vehicle  augmentation  system 
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JAug  "  Jp  +  E[t~  lVFucdt]  (5) 

or  the  pilot's  objective  function  subject  to  a  "penalty"  on  augmentation  control  energy, 
tr  .  The  pilot-optimal  control  problem,  as  posed,  is  to  determine  the  augmentation  control 
input  that  minimizes  the  above  JAu„  subject  to  the  "constraint"  that  the  pilot  will  be 
choosing  Up  to  minimize  Jp.  Note  that  in  solving  this  problem,  two  controls,  Up  and  trc, 
mlnlmlzlng^two  different  objective  functions  are  to  be  found.  The  plant  dynamics 
described  in  terms  of  these  two  control  inputs  are 

x  =  Ax  +  B  u  +Bu  +  noise  (6) 

p  p  c  c 

To  be  presented  now  is  the  original  solution  approach,  along  with  a  summary  of  pre¬ 
vious  results,  after  which  an  extension  will  be  presented.  Finally,  we  will  conclude 
with  an  experimental  verification  of  this  extended  methodology. 


3.1  ORIGINAL  METHOD 

Now  the  result  obtained  from  the  optimal  control  pilot  model  is  that  the  pilot's 
control  input  may  be  expressed  as 

t..  i  =  -K  x  -  6  +  noise  (7) 

N  p  p  p 

when  the  scalar  control  is  taken  as  stick  deflection,  for  example,  and  T(j  is  the 
pilot's  neuromuscular .time  constant  (nominally  0.1  -  0.2  sec. ), adjusted  by  adjusting 
the  weighting  (G)  on  lip  in  the  objective  function.  Further,  £■  is  the  pilot's  best  estimate 
of  the  system  state  vector.  Now  under  the  assumption  that  the  pilot's  control  input  could 
be  approximated  by 

tN  *p  =  -Kp*  “  5P  +  nolse  (8) 

where  x  is  now  the  actual  state  vector  rather  than  the  estimate  state,  the  solution  to 
the  pilot-optimal  augmentation  control  problem  stated  previously  is  (as  in  Ref.  19) 
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This  system  structure  may  be  represented  as  in  Figure  2.  Further,  it  was  shown  that 
the  gains  Kp,  Kx,  and  K5  may  be  determined  by  simultaneously  solving  two  coupled  Riccati 
equations,  one  yielding  the  augmentation  gains  Kx  and  K{  and  one  yielding  the  pilot  gains 
Kp  in  the  optimal  control  pilot  model.  It  can  also  be  shown  that  the  above  control  law 
is  globally  optimal  via  the  theory  of  cooperative,  non-zero-sum  differential  games.  The 
control  strategy,  known  as  a  Nash  equilibrium  solution  to  the  cooperative  control  problem, 
or  game,  is  known  to  minimize  its  cost  function  JAug  subject  to  the  constraint  that  up 
is  chosen  to  simultaneously  minimize  its  cost  function  Jp.  Since  the  optimal-control 
model  is  based  on  exactly  this  assumption,  we  may  claim  this  to  be  the  case  for  the  pre¬ 
diction  of  tip,  and  refer  to  this  augmentation  as  "pilot-optimal". 


In  recent  applications  of  this  methodology20'21,  the  problem  addressed  was  the  analysis 
and  augmentation  synthesis  of  the  plant  dynamics  of  the  (air-to-air)  tracking  task.  The 
system  included  not  only  the  flight  vehicle  rigid  body  and  actuator  dynamics,  but  the 
display  dynamics  of  lead-computing  sights  with  a  heads  up  display  (HUD).  In  the  cases 
investigated,  these  display  dynamics  introduced  primarily  "numerator  dynamics"  in  the 
error-to-elevator  (e(s)/6g(s))  transfer  function. 


The  objective  of  the  investigation  was  to  determine  the  augmentation  of  the  high 
order  system,  with  the  absence  of  handling  qualities  specification,  to  improve  the  tracking 
performance,  and  maintain  or  Improve  pilot  acceptance.  In  the  process  of  doing  so,  a 
perhaps  more  important  and  fundamental  objective  was  to  determine  the  most  desirable  high- 
order  plant  or  "controlled  element"  dynamics.  Although  Improved  pilot  acceptance  has  not 
been  completely  verified  experimentally  yet,  correlation  with  previous  work  (Ref.  22)  and 
proper  trends  in  parameters  known  to  affect  pilot  rating  (objective  function  magnitude, 
amount  of  pilot  lead  required)  were  obtained.  Also,  based  on  linear  systems  analysis 
techniques,  rms  tracking  error,  stick  deflection,  and  stick  rate  (work  load)  was  signifi¬ 
cantly  reduced.  By  parametrically  varying  the  level  of  augmentation,  we  were  also  able  to 
establish  trends  in  the  desirable  plant  characteristics,  and  to  relate  these  trends  to 
the  asymptotic  properties  of  linear,  optimally-controlled  systems.  Simultaneously,  we 
were  able  to  predict  the  changes  in  the  human  operator  characteristics  associated  with 
varying  high-order  plant  characteristics. 


The  schematic  for  the  display  is  shown  In  Figure  3,  where  the  line  of  sight  to  the 
target,  T5,  and  the  displayed  lead  angle,  T,  are  as  shown.  With  the  linearized  equations 
of  motion  for  the  vehicle,  the  line  of  sight  and  displayed  lead  angle,  and  colored  noise 
representing  the  target  motion,  the  model  may  be  represented  in  the  usual  vector-matrix, 
differential  equation 

x  «  Ax  +  B6  t  +  noise  (10) 

st 

with  stick  deflection  6st  the  control.  For  pitch  tracking  the  state  vector  may  be 
taken  as 
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and 


— T 

X  =  [yt»  B,  X, 
the  system  model 


a, 

Is 


0,  0,  «e] 

summarized  in  the  table  below. 

Table  1 
SYSTEM  MODEL 

_  PITCH  TRACKING 


Rel.  Line  of  sight,  B  =  f^O,  a,  YT1 

Target  flight  path,  yt  =  f2(aT  ^ 

Target  Acceleration  aT  -  noise 
n 

Lead  Angle,  X  =  f ^ ( X  or  B,  0,  a,  aT) 

Vehicle  Dynamics  -  F-4E  Short-period 
dynamics  M  =  .9;  lO.OOOFt 


Error,  e  =  X  -  8 

obs.  Vector,  y^  =  tE>  E,  X,  X] 

Q11  =  [16,  1,  0,  4] 

tn  =  .1  sec. 


To  aid  in  the  system  characterization  we  may  note  that  the  transfer  function  compatible 
with  that  of  the  controlled  element  in  a  compensatory  task  is  In  this  case 

e(s)/6st(s)  =  K(Nls3  *  N2s  *  N3s  *  *V _  (11) 

s  (Tfs  +  l)<Tas  +  l)(s2  +  2C“sps  +  uigp) 

where  Nj  -  Njj  are  functions  of  vehicle  characteristics  as  well  as  display  characteristics. 
Note  in  the  denominator  the  vehicle  short  period  and  actuator  dynamics,  and  a  display 
time  constant  Tf  that  depends  on  the  type  of  sight  considered. 

Now,  the  empirically  determined  pilot's  objective  function  for  this  task  for  a  variety 
of  system  dynamics  was  found23  to  be 


with  Qj!  =  [16,  1,  0,  4]  and  y  defined  above.  In  addition,  the  stick-rate  weighting  g 
was  selected  to  yield  an  effective  neuromuscular  time  constant,  Tjj,  of  0.1  seconds. 

Now,  the  pilot-optimal  augmentation  u0 ,  is  chosen  to  minimize  the  cost  function 

Jc  =  Jp  +  E{t^T  (ofUc  H  (13) 

where  in  this  case,  uc  is  an  effective  stick  deflection.  So  for  various  selected  values 
of  control  weighting,  or  f  above,  we  generate  a  family  of  augmented  systems. 

The  resulting  system  eigenvalues  for  an  unaugmented  and  (various)  augmented  systems 
with  one  particular  lead  computing  sight  equation  are  shown  in  Figure  4.  The  roots 
(denoted  by  X's)  vary  from  the  unaugmented  (labeled  U)  through  augmented  levels  A,  B,  and 
C(C  being  the  highest  augmentation  gains  considered).  When  the  pilot  closes  the  loop  on 
these  systems,  the  resulting  closed-loop  system  eigenvalues  are  denoted  by  the  circled 
data  points.  We  have  found  that  these  trends  are  explainable,  at  least  qualitatively, 
ii.  terms  of  the  asymptotic  properties  of  the  eigenvalues  of  optimally-controlled  systems. 
Further,  with  this  methodology,  we  are  able  to  quantitatively  determine  these  specific 
trends.  Finally,  predicted  tracking  performance  for  this  case  is  shown  in  Table  2  below. 


Table  2.  AUGMENTED  PERFORMANCE  (rms) 


Unaugmented 

Level 

A 

Level 

B 

Level 

C 

Tracking  Error,  e(deg, 

3.05 

2.50 

1.12 

0.31 

Stick  Deflection,  6gt(deg) 

3.71 

3.64 

3.51 

3.68 

Stick  Rate,  S  t ( deg/sec ) 

7.33 

6.64 

5.36 

5.10 

a  “  5g's,  D  =  1000  ft. 
aT 

Consider  now  the  application  of  this  methodology  to  a  vehicle  system  with  a  different 
display.  In  this  case,  the  sight  equation  results  in  a  much  less  dynamic  display  almost 
representative  of  a  fixed  sight.  This  Is  closer  then  to  pure  pitch  tracking  with  only 
airframe  dynamics  included.  The  trend  in  augmented  short-period  eigenvalues  in  this  case 
is  shown  in  Figure  5.  Note  the  difference  in  this  trend  from  that  in  the  previous  figure, 
or  the  effect  of  the  sight  dynamics  on  the  optimum  vehicle  dynamics!  Also  shown  is  the 
comparison  of  these  (vehicle  short  period)  results  with  those  of  Hollis. 22  in  his  analysis, 
Hollis  determined  the  vehicle  augmentation  yielding  the  best  pilot  rating  via  the  "paper- 
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pilot".  Pitch  rate  and  plunge  acceleration  were  used  for  augmenting  only  the  vehicle  with 
a  fixed  sight  (with  no  display  dynamics).  It  is  seen  that  the  results  are  in  general 
agreement  with  the  trend  determined  by  Hollis'  consideration  of  several  sets  of  vehicle 
dynamics . 

The  more  challenging  problem  of  pilot-vehicle  analysis  and  augmentation  for  a  multi¬ 
axis  air-to-air  tracking  task  has  also  been  considered. 21  The  dynamics  of  the  system,  as 
in  the  pitch  tracking  analysis  in  the  previous  section,  include  both  vehicle  and  display 
dynamics.  However,  the  flight  condition  to  be  considered  is  a  highly  banked  turn  with  a 
normal  load  factor  of  four  (i.e.,  4  g  turn).  This  involves  several  issues  not  frequently, 
and  in  some  cases  never,  considered  in  previous  investigations  of  pilot-vehicle  dynamics. 
These  extenuating  issues  result  from  the  significant  amount  of  unsymmetrical  coupling 
between  the  elevation  and  azimuth  axes  of  the  system  and  the  multiple  control  inputs 
involved  (i.e.,  elevator,  aileron,  and  rudder). 

The  open-  and  closed-loop  root  loci  as  augmentation  level  increases  from  unaugmented 
(denoted  by  U)  to  higher  levels  of  augmentation  (denoted  l-*-4)  are  shown  in  Figures  6  and  7 
The  first  figure  shows  the  (primarily)  longitudinal  eigenvalues  (recognizing  this  system 
actually  has  coupled  longitudinal  and  lateral-directional  modes),  with  the  second  figure 
depicting  the  (primarily)  lateral-directional  roots.  As  with  the  pitch  tracking  results 
above,  the  augmented  system  roots  are  denoted  as  "X"  and  the  piloted  closed-loop  roots 
are  denoted  as  "0".  Finally,  the  sight  equation  is- that  resulting  in  the  less  dynamic 
display,  as  previously  discussed. 

Examination  of  the  longitudinal  root  locus  shows  that  the  trends  are  changed  only 
slightly  from  those  obtained  in  the  single-axis  pitch-tracking  analysis.  However,  the 
close  proximity  of  the  open-loop  roots  to  the  closed-loop  roots  for  the  unaugmented 
plant  (U), as  well  as  the  level-two  augmented  plant  (2),  indicate  less  compensation  being 
introduced  by  the  pilot  than  in  the  single-axis  case,  due  to  his  limited  bandwidth  and 
a  much  more  complex  task. 

Finally,  note  again  that  the  predicted  improvement  in  tracking  performance  due  to 
Level  2  augmentation  is  significant,  as  shown  in  the  table  below. 


Table  3 

AUGMENTED  SYSTEM 
RMS  PERFORMANCE 


Tracking  Error  (deg) 

Control 

.  Inputs  (in) 

Lateral  Acceleratlonal 

Elevation  Azimuth 

( ft/sec2) 

eEL  eAZ 

5- 

Est 

6A 

flst 

6R 

Rped 

ay 

Unaugmented 

1.78  1.72 

0.23 

0.15 

0.10 

0.78 

Augmented 

0.54  0.20 

0.19 

0.11 

0.06 

0.25 

3.2  EXTENDED  METHOD 

The  above  encouraging  results  were  obtained  under  two  important  assumptions 

1)  The  pilot's  compensation  resulting  from  state  estimation  has  little  effect  on 
the  optimal  augmentation 

and 

2)  The  augmentation  implementation  allows  full-state  feedback 

Now  assumption  2  is  never  true.  A  much  more  realistic  control  law  is  linear  feedback  of 
easily  measured  outputs  such  as  pitch  rate  and  accelerations,  or  a  control  law  of  the 
form 


uaug  ”  Ey output 

and  (14) 

v  *  Cx 

^output  vehicle 

Furthermore,  we  will  show  that  assumption  1  is  untrue  as  well.  Finally,  correlation 
with  this  extended  approach  with  fixed-base  simulation  results  will  be  demonstrated. 

As  shown  in  Ref.  24,  the  solution  is  as  follows.  Recall  that  the  control  pilot's 
input  la  given  (from  the  optimal  control  model)  as 


u  .  -Kxx  -  Kuu  ♦  vm 


up  '  -CKx:Ku]  *  +  vm 


(15) 
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where  vm  is  the  motor  noise  vector  with  zero  mean  and  intensity  Vra  and  x  is  col  [x,  u  ]. 

If  the  original  system  is  x  =  Ax  +  Bu  +  Dw, the  dynamics  of  the  plant  with  the 
pilot's  control  Included  is  given  by: 

- i  r_  .  l  - 

w 

V 


'a 

B 

'  0 

3 

b]  [*d 

0 

X  + 

x  + 

u„  + 

0 

0 

K„ 

K 

0  s  0 

I 

- 

X 

u 

. 

yg  =  [Cg  0]x  (augmentation  measurement) 


Also,  the  state  estimation  dynamics  of  the  pilot  is  represented  by 


Y  =  C  x(t-i)  +  v 
P  P  P 


V  B  1 

M 

0  ' 

S 

X  + 

1 

C  (  x  -  x)  + 

K  K 

P 

V 

X  u 

2 

m 

(16) 


(17) 


where  As  =  A  +  BECS ,  and  Mi  2  are  Kalman  filter  gains.  So  we  wish  to  find  the  optimal 
controller  us  =  Eys  which  minimizes  the  index  of  performance: 

T  —  , 

Ug  Fug  6t(  (18) 


J  =  J  +  E 
s  p 


iys  wnicn  minimizes  i 

(t-  T  ffs  F"s  dt] 


and  Jp  as  given  previously,  subject  to  the  constraints 


d  - 


Ys  ”  £Cs 


’  A 

B 

0 

0 

‘  B 

"d 

0 

0 

X 

3 

0 

Kx 

X 

u 

0 

0 

1 

0 

X 

M1CP 

0 

A  +M..C 
s  1  p 

B 

q  * 

0 

S 

0 

0 

M2 

_*2Cp 

0 

K  -M0C 

X  2  p 

K 

u 

0 

0 

1 

M2 

(19) 


0]q 


with  Vp  t.ie  pilot's  oberservatlon  noise  vector 

Now  Js  can  be  written  as 

.  P  film  1 

-  E  I  t-»»  T  j  (q 


rT  T  Qj 


9  +  us  FusHt] 


KxGKx  KuGKx 

T  T 

KiGK  K  OK 
x  u  u  u 


(20) 


with  _ 

Q  0 

0 _ R_ 

0  0 

0  0 

And  more  compactly,  we  have 

Q  I  A,n  Aon  |  I  0  |  0  Id.  d„  I 

(21) 

ys  -  tc2  °]q 

where  the  newly  introduced  matrices  have  obvious  structures  from  the  above  relationships. 
This  system  of  equations  with  the  constraint 


’  A11 

A12 

"  b2" 

0 

h-» 

0 

- i 

_  A21 

A22 

q  + 

0 

us  + 

.D0 

us  *  £ys 

defines  the  suboptlmal  output  feedback  problem. 2^ ’ 2®  The  necessary  conditions  for 
optimality  based  on  first  variation  principles  gives  the  following  expression  for 
the  gain  m  trlx  E 

,T  „T 


c 

E'  ■  -P_1  [Bi  0]  hV  2  (tC,  0]L  *  ) 

0^0 

1  « 

with.  H  and  L  positive  definite  unique  solutions  of 


2  v-1 


(22) 


(23) 
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and 


*  r®i 

0  ~ 

'  H  A  +  1 

L° 

Q2 

*  T  D1 

•  L  A  +  1 

0 

c 

D 

Do 

0 

2 

diag  [W,  Vm, 

1 - 1 

a 

> 

A11  +  B2EC2 

A12 

A21 

A2P 

•  T  T 
C2E  FEC., 


0 

=  0 

0 


The  matrix  L  Is  the  covariance  matrix  for  the  entire  system  and  it  is  given  by: 


L11  L12  bn  =  E[xxx]  (state  covariance) 

D  —  J  yswip 

L12  ^22  L12  =  EI-XX  ]=  L22  =  E^-xx  3  (state  estimate  covariance) 

* 

Rewriting  E  in  partitioned  form  we  get 

E*  =  -F-V^  Hn  Ln  C*  (C2  Ln  Cl)'1  -F-^l  C*  (C,  C^)"1 


E  =  E1  +  E2  (29) 

As  we  can  see,  two  terms  contribute  to  the  total  augmentation  gain  matrix.  The 
first  term  is  due  to  the  plant  (vehicle)  dynamics,  where  the  second  is  due  to  the  plant 
and  (pilot's)  estimator  dynamics.  This  shows  that  we  can  not  a  priori  neglect  the 
presence  of  the  pilot's  estimator  in  the  synthesis  of  the  optimal  stability  augmentation 
system,  or  assumption  1  stated  previously  is  false.  Furthermore,  if  we  assume  that  the 
augmentation  has  a  full-state  feedback  structure  (or  assumption  2  were  true)  we  would 
have 


C2  =  I  (identity) 

* 

and  the  gain  matrix  E  becomes 


E  =  -F ~hl  Hn 


F_l02  H12  L12  LU 


Only  the  first  term  on  the  right  hand  side  of  the  relation  is  the  result  from  the  original 
method.  The  second  term  represents  the  contribution  to  the  total  gain  (E*)  of  the 
estimator  in  the  pilot  model. 

This  extended  methodology  is  now  applied  to  "predict"  the  optimal  pitch  rate  feedback 
gain  for  a  T-33  aircraft  in  a  position  tracking  task.  The  results  will  be  compared  to 
experimental  data  obtained  from  fixed-base  digital  simulations . ^7 

The  short  period  dynamics  of  the  aircraft  in  level  flight  at  Mach  =0.5  and 
altitude  15,000  ft,  is  given  in  state  variable  form  as 

’-0.1  0  0  0  '  To  "  1  ' 

x  =  0  0  1.  0  7  +  0  6  +  0  u)  (31) 

0  0  -1 . 052*1  -3.01  -14.5164  0 

0  01.  -1.384  -0.843  0 


where  the  commanded  pitch  angle  is  given  by  the  relation: 

•  2 

9C  ■  *wb0o  +  <*>,  w  white  noise  process,  zero  mean,  intensity  ct^ 

wb  =  0.1  (break  frequency) 

T  t 

The  state  vector  is  x  =  [0  ,  0,  0,  a]  and  the  total  elevator  control  is  the  sum, 
6p  +  6s>  pilot's  and  augmentation  inputs,  respectively. 


The  indices  of  performance  to  be  minimized  by  6p  and  Sc  are 

JP  *  E  [K  f  fj(9c  "  0)2  +  C-002  Jp3dt} 


) .  002  Jp]dtj 


Js  *  Jp  +  E(t~  T  £°-01  «sdt] 


(33) 
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The  pilot  is  able  to  perceive  position  error  information  (©c  -  0)  and  the  augmentation 
measurement  is  pitch  rate  5  only,  thus: 


yp  =  [1.  -1.  0  0]  x  +  Vp 
yg  =  [0  C  1.  0  ]x 


(3*0 


The  table  contains  the  augmentation  gains  predicted  with  and  without  Inclusion  of  the 
pilot's  state  estimation. 


Table  4. 

PITCH  RATE  FEEDBACK  GAIN 

Predicted  Gain  with 

in  Pilot  Model 

Estimator 

Predicted  Gain  Without  Estimator- 

In  the  Pilot  Model 

-0.24 

0 . 09 (  !  ) 

The  importance  of  the  effect  of  state  estimator  is  underscored.  The  optimal  gain  obtained 
by  neglecting  the  estimator  actually  decreases  pitch  damping.  As  it  can  be  seen  from 
Figures  8  and  9,  the  predicted  gain  and  the  gain  obtained  from  experimental  data  produce 
very  good  agreement  for  the  best  pilot  rating.  Finally,  note  the  correlation  between 
pilot  rating  (Figure  8)  and  the  sum  of  the  rms  error  plus  stick  rate-or  "quadratic 
objective  function"-obtained  from  simulation  (Figure  9). 
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INTEGRATION  OF  AVIONICS  AND  ADVANCED  CONTROL  TECHNOLOGY 

by 

M.  E.  Waddoups 
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and 

C.  A.  Anderson 
Vice  President,  Engineering 
General  Dynamics 
Fort  Worth  Division 
P.  0.  Box  748 
Ft.  Worth,  Texas  76101 


SUMMARY 

Two  seemingly  exclusive  requirements,  low-cost  tactical 
fighters  and  night  under-the-weather  operations,  are  being 
merged  by  means  of  advanced  technology.  The  key  operational 
problem  is  forced  by  the  extremely  difficult  timeline  for  low- 
altitude,  high-speed,  air-to-surface  weapon  delivery.  The  in¬ 
herent  economy  of  single-seat  operation  can  be  developed  by  au¬ 
tomation.  The  key  technological  problems  are  caused  by  the  lack 
of  volume  in  a  small  fighter.  In  order  to  achieve  automation  of 
the  required  tasks,  flight  path  control  and  sensor  interfaces 
must  be  developed.  Based  upon  emerging  hardware  and  software 
technology,  flight  control  and  avionic  subsystems  can  be  opti¬ 
mized  and  integrated  to  achieve  capability  previously  unavail¬ 
able  in  small  fighters.  The  AFTI/F-16  test-bed  aircraft,  in 
which  the  subject  technology  will  be  flown  as  a  subset,  is  now 
approaching  first  flight. 


(NOTE: The  complete  text  of  this  presentation  was  not  available 
at  the  time  this  Proceedings  was  sent  for  printing.) 
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TOMORROW'S  DEMONSTRATOR  IS  PREPARING 
TODAY  FOR  FIRST  FLIGHT! 


FIGURE  10 


AFTI/F-16  PROVIDES  CRITICAL  DEMONSTRATIONS 
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1 .  SUMMARY 


The  last  decade  has  seen  major  developments  for  directly  improving  combat  manoeuvrability  in 
the  field  of  aerodynamics,  avionics,  thrust  vectoring  and  control  systems.  Unchanged  however,  is 
the  pilot  and  to  make  the  most  of  these  technological  improvements  the  relationship  between  man  and 
machine  must  receive  particular  attention.  It  was  with  this  aspect  in  mind  that,  as  part  of  its 
studies  into  future  aircraft  design,  BAe  Brough  embarked  on  a  flight  programme  with  the  RAE  using 
their  A.C.T.  Hunter  to  complement  the  ground  based  advanced  cockpit  evaluation  facility  at  Brough. 

This  paper  concentrates  on  the  manoeuvring  aspects  of  this  work  and  covers  total  loop  control, 
advanced  cockpit,  flight  control  programne  and  specific  activities. 

The  latter  item  elaborates  on  the  following  activities  from  the  flight  programme:  General 
manoeuvring,  force  sidestick,  depressed  roll  axis,  non-linear  pitch  controller  and  carefree 
manoeuvri ng . 

2.  INTRODUCTION 


A  joint  RAE/BAe  flight  research  programme  has  been  stimulated  by  a  desire  to  improve,  through 
flight  control,  the  performance  of  the  pilot  aircraft  combination  in  carrying  out  the  range  of  tasks 
demanded  of  a  modern  combat  aircraft. 

Although  the  joint  activity  specifically  concerns  RAE's  ACT  aircraft  Hunter  XE  531,  it  is  the 
intention  here  to  show  how  this  work  relates  to  advanced  cockpit  programnes  such  as  the  one  being 
pursued  at  BAe  Brough.  Futhermore  the  concept  of  total  loop  control  (see  Section  2)  has  been  an 
important  consideration  in  the  design  and  implementation  of  the  experiments.  A  cockpit  programme 
covers  many  areas  of  study  including  seat  design,  switches,  displays,  safety  etc.  but  the  primary 
areas  of  commonality  with  the  Hunter  programne  concern  inceptors  and  HUDs  (Fig.  1). 

The  scope  of  this  paper  is  thus  total  loop  control,  advanced  cockpits  and  the  Hunter  flight 
programme  with  emphasis  on  manoeuvrability  aspects. 

3.  TOTAL  LOOP  CONTROL 


It  is  important  to  recognise  that  to  give  a  pilot  proper  control  of  his  aircraft  in  a  maneouvring 
sense,  then  design  of  the  control  system  must  encompass  the  entire  loop  around  the  pilot  or,  more 
correctly  around  the  piloting  task  (Fig. 2).  This  is  particularly  so  with  modern  control  systems  which 
can  be  tailored  to  suit  the  task  under  consideration  -  which  itself  can  be  automatically  sensed  by  the 
system  in  numerous  ways,  both  directly  and  indirectly. 

Total  loop  control  begins  with  a  broad  specification  of  the  piloting  tasks  in  terms  of 
manoeuvrability,  handling  and  display  requirements.  The  inceptor  with  its  variable  shaping,  the 
control  laws  which  convert  direct  and  feedback  signals  into  tne  desired  response,  and  the  visual 
displays  are  all  then  related;  they  can  each  be  varied  electrically  and  strictly  should  all  be 
tuned  together.  However,  despite  this  ability  to  optimise  the  control  system  for  any  given  task,  so 
numerous  are  the  tasks  demanded  of  a  modern  combat  aircraft  that  the  main  objective  of  flight  testing 
is  to  achieve  an  efficient  yet  tolerant  system  which  needs  as  few  mode  changes  as  possible  so  as  not 
to  over  complicate  the  software.  There  are  inevitably  compromises,  but  from  the  work  done  so  far  on 
Hunter  XE  531  it  would  appear  that  some  of  these  can  be  surprisingly  acceptable. 

It  should  be  noted  that  the  combat  task  will  inevitably  involve  control  of  the  vehicle  at  the 
boundaries  of  the  flight  and  structural  envelopes  where  the  pilot  needs  to  be  aware  of  his  proximity 
to  these  limits.  The  control  system  design  must  ensure  both  desirable  handling  and  departure 
protection  in  order  that  all  possible  combat  advantages  may  be  achieved. 

4.  ADVANCED  COCKPIT 


The  cockpit  is  the  pilot's  interface  with  his  aircraft  and  the  outside  world  (Fig. 3).  Clearly 
there  are  basic  ground  rules  to  be  used  to  ensure  that  it  is  suitable  for  the  tasks  of  a  combat 
aircraft.  Manoeuvrability,  the  subject  of  this  symposium  is  of  prime  consideration  and  obviously 
field  of  view,  displays,  seating,  operational  systems,  inceptors  and  handling  are  all  important 
factors  (Fig. 4).  (The  relationship  between  manoeuvrability  and  handling  seen  here  is  that  the 
manoeuvring  potential  of  the  aircraft  cannot  be  properly  exploited  by  the  pilot  without  good  handling.) 

An  active  control  system  contributes  to  the  cockpit  design  in  several  ways.  It  is  important  that 

the  pilot's  attention  is  not  dominated  by  having  to  fly  the  aircraft,  and  this  is  particularly 
important  in  air  to  air  combat.  Here  ACT  is  able  to  automatically  prevent  the  aircraft  from 

manoeuvring  beyond  safe  limits,  whether  they  be  aerodynamic  or  structural.  Care  has  to  be  taken, 

however,  that  the  envelope  provided  is  not  more  restrictive  than  an  experienced  pilot  could  use  merely 
because  of  ill  chosen  laws.  As  Indicated  above,  good  handling  is  just  as  essential  near  to  the 
manoeuvre  boundary  as  in  any  other  part  of  the  flight  envelope.  ACT  is  able  to  provide  this. 
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As  demonstrated  so  well  by  the  F16,  ACT  also  gives  the  designer  freedom  to  locate  what  can  now 
be  a  miniature  inceptor  either  in  the  centre  or  at  the  side  of  the  cockpit  thus  greatly  assisting  in 
display  location.  Results  from  the  Hunter  flight  programme  indicated  that  a  force  stick  in  particular 
can  offer  improvements  in  manoeuvre  response. 

Displays  are  another  cockpit  facility  which  sould  integrate  with  the  flight  control  system. 

The  many  parameters  involved  in,  for  example,  energy  management  make  this  a  difficult  subject  to 
present  and  there  are  many  candidates.  In  any  type  of  guidance  or  management  system  however, 
experiments  have  shown  that  the  best  results  are  obtained  when  the  influential  parameters  on  the 
display  are  under  direct  rather  than  indirect  control  of  the  pilot. 

What  could  be  considered  as  an  extreme  case  of  control  complementing  display  requirements  is  in 
air  to  air  combat  when  in  fact  the  pilot  has  not  the  time  to  refer  to  a  display;  here  the  control 
system  can  provide  him  with  a  safe  flight  envelope  i.e.  carefree  manoeuvring. 

5.  FLIGHT  CONTROL  PROGRAMME 

A  joint  RAE/8Ae  programme  was  set  up  between  Farnborough  Flight  Systems  Dept,  and  Brough  to 
research  into  flight  dynamics  aspects  of  an  actively  controlled  aircraft  Hunter  XE  531  (Fig. 5).  This 
aircraft  is  a  two  seater,  the  experimental  right  hand  cockpit  (Fig. 6)  area  having  been  provided  with 
a  quadruplex  full  authority  analogue  active  system  in  all  three  axes.  A  safety  pilot  with 
conventional  controls  is  retained  in  the  left  hand  seat  and  this  makes  a  versatile  research  and 
demonstration  vehicle. 

The  programme  so  far  has  comprised  of  an  initial  piloting  evaluation,  force  sidestick  and 
conventionally  shaped  centre  stick  evaluation,  and  currently  new  control  laws  and  other  stick 
configurations  are  being  assessed  (Fig. 7).  With  the  addition  of  discrete  micro-processors,  the 
programme  will  then  move  onto  research  into  more  new  control  laws  including  those  necessary  for 
caredree  flying,  some  of  which  will  be  related  to  system  architecture.  It  is  quite  wrong  to  suppose 
that  with  the  advent  of  high  agility  wide  envelope  fighters  that  flight  control  work  is  necessary 
only  at  the  boundaries.  The  majority  of  the  tasks  will  still  be  within  the  broad  'centre'  of  the 
envelope  (see  Figure  8). 

The  programme  has  a  recognised  experimental  procedure  (Fig. 9)  in  which  ideas  are  processed  through 
various  stages  of  simulation  to  become  suitable  for  flight.  The  analysis  is  carried  out  using  a 
combination  of  classical  control  theory  and  time  plane  responses.  The  first  stage  of  piloted 
simulation  is  an  'ergonomic'  rig  (Fig. 10)  based  at  Farnborough  *n  which  much  preliminary  optimisation 
can  be  carried  out  before  moving  on  to  the  full  simulation  facility.  Some  examples  of  the  rig  work 
are  shown  in  Figure  11  which  shows  the  crosstalk  generated  when  a  pilot  tries  to  apply  pure  single 
axis  inputs  with  a  fixed  sidestick.  Also  shown  are  typical  force  signatures  to  operate  the  stick 
switches.  It  should  be  noted  that  these  effects  do  not  always  appear  to  cause  significant  problems  in 
the  air  because  of  the  extra  feedback  available  to  the  pilot  in  the  real  situation.  They  do  however 
represent  a  spurious  compensation  task  which  can  be  minimised  by  careful  inceptor  design. 

Full  pilot-in-loop  simulation  is  carried  out  on  the  general  purpose  facility  at  BAe  Hatfield 
(Fig. 12).  Although  the  cockpit  is  not  fully  representative  of  the  Hunter,  the  HUD  facility  is  common 
and  efforts  are  made  to  make  the  seat/stick  geometry  close  to  that  on  the  aircraft.  The  simulation 
tasks  are  matched  as  closely  as  possible  to  those  of  the  aircraft,  which  itself  is  representative  of  a 
combat  aircraft  (see  Figure  13). 

6.  SPECIFIC  ACTIVITIES 


In  this  section,  results  relevant  to  the  subject  of  this  symposium  will  be  discussed. 
6.1  General  Manoeuvring 


Hunter  XE  531  has  a  rate  demand  flight  control  system  in  the  primary  'up  and  away'  axes  of 
pitch  and  roll,  with  in  effect  direct  rudder  and  limited  authority  yaw  damping  Thus  the 
aircraft  basically  obeys  gyrometric  control  laws  and  as  such  will  manoeuvre  differently  from  a 
conventional  aircraft.  This  fact  has  been  commented  upon  by  the  pilots  (Ref.  1),  and  as  a 
generalisation  the  effect  seems  to  be  nether  good  nor  bad,  just  different.  There  are 
exceptions  and  a  purpose  of  the  flight  programme  is  to  identify  possible  problem  areas.  For 
the  control  designer  there  is  a  conflict  of  choice  for  roll  axis  between  that  to  optimise  fine 
tracking  and  the  usual  axis  alignment  for  gross  manoeuvring  (see  6.3).  Also,  and  common  for  any 
combat  aircraft,  there  is  a  conflict  between  the  desired  pitch  response  for  fine  tracking  and 
for  gross  manoeuvring  (see  6.4). 

6.2  Force  Sidestick 


A  Lear  Siegler  force  sidestick  with  a  General  Dynamics  specified  grip  has  been  flown  in 
the  side  position  on  Hunter  XE  531.  This  equipment  is  identical  with  that  of  the  early  models 
flown  in  the  production  F16,  having  minimal  compliance.  Initial  testing  tended  to  support  the 
critics  of  this  type  of  controller  and  a  PIO  on  take  off  was  experienced  (see  Fig. 15),  though 
this  was  readily  recovered  by  the  safety  pilot.  An  intensive  simulation  exercise  followed 
which  eventually  resulted  in  improved  stick  signal  electrical  shaping,  but  to  satisfy  the  need 
for  effectiveness  over  the  range  of  tasks  tabled  previously  two  sets  of  curves  emerged  -  one 
more  suited  to  take-off  and  landing,  the  other  to  'up  and  away'  flight  (see  Fig. 16).  In 
addition  there  still  remained  a  tracking  versus  manoeuvring  conflict  in  terms  of  stick 
sensitivity  and  absolute  forces.  Primarily  because  most  of  the  flying  would  be  'up  and  away', 
that  shaping  was  selected  but  such  was  its  acceptability  in  flight  (compared  with  more  critical 
simulation  results)  that  it  was  eventually  successfully  used  for  takeoff  and  landing.  Thus 
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with  this  force  stick,  shaping  is  critical,  but  a  single  shape  solution  was  found  that  was 
linked  and  tolerant  to  the  range  of  tasks. 

6.3  Depressed  Roll  Axis 


A  simple  gyrometric  roll  demand  system  with  its  axis  approximately  parallel  to  fuselage 
datum  will  result  in  marked  pendulous  motion  of  the  target  when  fine  tracking  with  a  depressed 
aiming  point  (necessary  because  of  factors  such  as  lead  time  and  gravity  drop).  However,  for 
normal  manoeuvring  a  roll  axis  may  be  achieved  close  to  wind  axis  by  means  of  roll/yaw 
crossfeeds  etc.  In  the  current  Hunter  programme  a  control  law  is  being  assessed  which 
constrains  the  aircraft  to  roll  about  an  axis  depressed  some  4  deg.  below  flight  path  datum, 
limited  to  small  perturbations  only.  This  limitation  is  due  in  part  to  surface  limitations 
(see  below)  but  primarily  avoids  the  large  variations  in  lateral  acceleration  which  would 
otherwise  occur  during  rapid  full  rolls. 

The  programme  is  still  being  flown,  and  the  initial  results  are  encouraging  (see  Fig. 17). 
However,  because  the  means  of  implementation  which  is  through  a  roll  rate  demand  to  rudder 
crossfeed,  one  has  to  be  aware  of  structural  limitations  due  to  the  increased  sideslip  and 
rudder  angle  required  (see  Figure  18). 

6.4  Non-Linear  Pitch  Response 

For  gross  manoeuvring  a  rapid  aircraft  normal  acceleration  response  is  required,  whereas 
for  fine  tracking  a  relatively  sluggish  response  is  required  -  and  this  has  emerged  as  a  somewhat 
fortuitous  benefit  of  limited  authority  autostabilisers,  but  only  around  lg.  It  is  intended 
that  the  non-linear  pitch  filter  currently  being  flown  on  Hunter  XE  531  provides  a  response 
which  not  only  varies  with  size  of  fore  and  aft  stick  input  but  is  able  to  operate  about  a  datum 
which  shifts  during  a  steady  manoeuvre.  Simulated  responses  are  shown  in  Fig. 15. 

Although  the  control  law  is  undergoing  some  optimisation  in  the  current  flight  programne, 
acquisition  and  tracking  during  air  to  air  manoeuvres  has  been  significantly  improved. 

6.5  Carefree  Manoeuvring 

This  is  an  important  area  which  has  been  referred  to  earlier  in  this  paper. 

Although  a  simulator  programme  has  been  carried  out,  this  feature  is  not  due  for 
implementation  on  the  aircraft  until  next  year.  Of  the  candidate  systems  considered,  the  one 
selected  incorporates  an  angle  of  attack  limiter  based  upon  that  produced  for  the  NASA  F8 
programme  (Ref.  2).  Briefly,  the  limiting  system  operates  full  time  in  parallel  with  the  normal 
pitch  control  system,  and  that  which  demands  the  greater  nose  down  elevator  is  automatically 
selected.  Some  changes  from  the  F8  system  have  been  made  to  improve  handling  near  to  tlie 
manoeuvre  boundary.  The  main  advantages  of  this  system  are  considered  to  be  its  relatively  hard 
limit  and  constant  handling  qualities  up  to  the  limit. 

Flight  assessments  will  also  include  any  possible  boundary  penetration,  a  facility  offered 
by  the  well  known  depature  and  recovery  characteristics  of  the  Hunter,  and  will  provide 
opportunities  to  compare  different  handling  characteristics  in  this  region. 

CONCLUDING  REMARKS 


The  need  for  interrelated  cockpit/displays/controls  design  aimed  at  optimising  pilot  task 
performance  is  seen  as  the  basic  for  an  experimental  programne  encompassing  pilot  inceptor,  cockpit 
display  and  control  law  design  and  flight  assessments.  The  programne  described  offers  valuable  insight 
into  task  control  problems  widely  applicable  to  modern  aircraft. 

Refs.  1  RAeS  Lecture,  London  1979 
A.J.  Leng  and  R.  Searle 

2  F8  Digital  CCV  Control  Laws 

G.L.  Hartman,  J.A.  Hange,  R.L.  Hendrick 
NASA  CR-2639  (1976) 
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SUMMARY 

Because  of  the  strong  influence  of  Reynolds  number,  Mach  number,  and  aeroelasticity 
on  the  aerodynamics  of  combat  aircraft  in  the  high  angle-of-attack  range  encountered  dur¬ 
ing  maneuvers,  the  unique  capabilities  of  the  new  cryogenic  wind  tunnels  offer  the  air¬ 
craft  designer  important  new  capabilities  for  validation  of  his  design  methodology  as  well 
as  the  ability  to  isolate  various  effects.  This  paper,  therefore,  discusses  the  cryogenic 
wind  tunnel  relative  to  its  potential  for  advancing  maneuvering  aircraft  technology. 

The  first  portion  of  the  paper  consists  of  a  brief  overview  of  the  cryogenic  wind- 
tunnel  concept  and  the  capabilities  and  status  of  the  Langley  cryogenic  facilities. 
Included  in  this  part  is  a  review  of  the  considerations  leading  to  the  selection  of  the 
cryogenic  concept  such  as  capital  and  operating  costs  of  the  tunnel,  model  and  balance 
construction  implications,  and  test  conditions  and  will  be  related  to  requirements  spe¬ 
cifically  associated  with  maneuvering  aircraft  technology.  Typical  viscous,  compressi¬ 
bility  and  aeroelastic  effects  encountered  by  maneuvering  aircraft  are  illustrated  and 
the  unique  ability  of  the  cryogenic  wind  tunnels  to  isolate  and  investigate  these  param¬ 
eters  while  simulating  full-scale  conditions  is  discussed.  The  status  of  the  Langley 
cryogenic  wind-tunnel  facilities  is  reviewed  and  their  operating  envelopes  described  in 
relation  to  maneuvering  aircraft  research  and  development  requirements. 

The  final  portion  of  the  paper  reviews  the  status  of  cryogenic  testing  technology 
development  specifically  related  to  aircraft  maneuverability  studies  including  force 
balances  and  buffet  measurement  techniques.  Included  are  examples  of  research  carried 
out  in  the  Langley  0.3-meter  Transonic  Cryogenic  Wind  Tunnel  to  verify  the  various 
techniques. 
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normal-force  coefficient 

dynamic  wing-root  bending-moment  coefficient 

balance  diameter,  centimeters 
frequency,  hertz 
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nondimens ional  fluctuating  pressure  parameter 
normal  force,  newtons 

stagnation  pressure,  newtons/meter 2  or  atmospheres 
free-stream  dynamic  pressure,  newtons/meter2 
Reynolds  number  based  on  c 
reference  wing  area,  meter2 
sea  level 

stagnation  temperature,  kelvin 

free-stream  velocity,  meters/second 

airplane  weight,  newtons 

angle  of  attack,  degrees 

angle  of  sideslip,  degrees 

angular  frequency,  2irf,  radians/second 


1.  INTRODUCTION 


In  recent  years  interest  in  greatly  expanded  maneuvering  envelopes  of  combat  aircraft 
has  increased  as  a  result  of  technology  advances  that  provide  both  controllability  and 
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high  levels  of  maneuver  lift  at  angles  of  attack  well  beyond  the  normal  stall  limit  of 
earlier  generations  of  aircraft.  Representative  of  the  technology  advances  involved  are 
automatic  departure  and  spin  prevention  systems,  the  development  and  exploitation  of  the 
"controlled  separation"  concept  by  various  forms  of  vortex  lift  maneuver  devices,  appli¬ 
cations  of  advanced  variable  camber  concepts,  use  of  thrust  vectoring  and  direct  lift  and 
side-force  generation,  and  various  "multiple  lifting  surface"  concepts.  The  expansion  of 
the  operational  angle-of-attack  range  of  combat  aircraft  associated  with  these  technology 
advances  is  accompanied  by  an  increased  exposure  to  flows  that  are  highly  Reynolds  number 
dependent  such  as,  for  example,  fuselage  forebody  cross-flows  particularly  with  respect 
to  noncircular  cross-sectional  shapes,  symmetric  and  asymmetric  vortex  breakdown  phenom¬ 
ena  associated  with  vortex  maneuver  lift  concepts,  and  a  variety  of  induced  flows  result¬ 
ing  from  the  interactions  of  vortices  shed  from  various  components.  The  complexity  of 
the  high  angle-of-attack  flow  phenomena  is  increased  further  by  the  fact  that  the  high 
thrust-to-weight  ratios  of  most  modern  combat  aircraft  allow  the  high  angle-of-attack 
penetrations  to  be  performed  at  high  subsonic  speeds  introducing  strong  shock  boundary- 
layer  interactions.lt2 

In  order  to  fully  exploit  the  concepts  for  improved  combat  maneuverability,  improved 
design  capabilities  are  needed  with  regard  to  both  computational  and  experimental  aero¬ 
dynamic  methods  of  simulating  the  full-scale  Reynolds  number  characteristics  of  the  com¬ 
plicated  flows.  The  new  cryogenic  wind  tunnels  with  their  high  Reynolds  number  capabili¬ 
ties  and  unique  operating  envelopes  offer  the  possibility  of  greatly  improved  experimental 
capabilities.  The  purpose  of  this  paper  is  to  describe  the  development  of  cryogenic  wind 
tunnels,  to  indicate  some  of  the  ways  in  which  they  may  be  used  for  combat  maneuverability 
research  and  development,  to  illustrate  some  of  the  developments  in  cryogenic  wind-tunnel 
technology,  and  to  describe  some  of  the  remaining  problem  areas. 


2.  THE  CRYOGENIC  TUNNEL  CONCEPT 

Ten  years  ago,  in  October  of  1971,  a  small  group  of  researchers  and  technicians  at 
the  NASA  Langley  Research  Center  began  a  cryogenic  wind-tunnel  technology  development 
program  that  led  to  the  current  interest  and  application  of  the  concept  to  new  transonic 
facilities  having  high  Reynolds  number  capabilities  and  unique  operating  envelopes.  The 
primary  advantages  of  the  cryogenic  concept  can  be  described  with  the  aid  of  figure  1 
where  three  methods  of  increasing  the  Reynolds  number  capability  of  a  wind  tunnel  are 
shown  in  relation  to  the  drive  power  required.  For  transonic  tunnels,  increasing  size 
alone  to  obtain  full-scale  Reynolds  number  capability  is  prohibitive  from  both  the  drive 
power  requirements  and  the  cost  of  the  tunnel.  The  pressure  tunnel  approach,  while  some¬ 
what  less  prohibitive,  also  requires  large  drive  power  increases  as  well  as  undesirably 
large  dynamic  pressures  which  translate  into  large  model  and  balance  loads.  The  prob¬ 
lems  associated  with  these  two  approaches  result  from  the  fact  that  they  increase  the 
Reynolds  number  by  increasing  the  inertia  force.  The  cryogenic  approach  avoids  these 
problems  by  providing  large  decreases  in  the  viscous  force  while  the  inertia  force,  for  a 
constant  Mach  number,  remains  constant.  With  regard  to  drive  power  it  can  be  seen  that 
the  reduced  velocity  at  constant  Mach  number  resulting  from  the  reduction  in  sound  speed 
with  decreasing  temperatures  actually  reduces  the  power  requirements  as  Reynolds  number 
increases.  This  characteristic  makes  the  highly  desirable  continuous- flow  fan-driven 
tunnel  a  practical  option  in  place  of  the  intermittent  "stored  energy"  approaches  pre¬ 
viously  being  considered  for  new  high  Reynolds  number  transonic  tunnels. 

Because  of  these  and  other  advantages,  researchers  at  Langley  initiated  an  extensive 
cryogenic  wind-tunnel  technology  program  resulting  in  the  National  Transonic  Facility 
(NTF)  which  is  nearing  completion.  The  research  and  development  program  leading  to  this 
new  facility  can  be  briefly  summarized  with  the  aid  of  figure  2  which  presents  photo¬ 
graphs  and  basic  characteristics  of  the  three  Langley  cryogenic  wind  tunnels. 

Shortly  after  the  initial  analytical  studies  of  the  concept  in  the  autumn  of  1971, 
an  existing  scale  model  of  a  low-speed  wind  tunnel  was  insulated  and  modified  for  cryo¬ 
genic  operation  which  began  in  January  1972.  It  was  in  this  model  tunnel  that  the  basic 
concept  for  cooling,  that  of  spraying  liquid  nitrogen  (LN2 )  at  about  78  K  directly  into 
the  tunnel  circuit  was  developed  and  complete  evaporation  of  the  LN2  demonstrated  down  to 
a  tunnel  temperature  of  80  K.  Many  of  the  practical  considerations  associated  with  the 
development  of  a  cryogenic  wind  tunnel  were  investigated  and  a  few  critical  aerodynamic 
experiments  were  made  in  such  areas  as,  for  example,  boundary-layer  simulation  in  cryo¬ 
genic  gaseous  nitrogen  and  the  use  of  a  water- jacketed  strain-gage  balance  for  force 
measurements . 

The  encouraging  results  of  the  analytical  and  experimental  studies  were  reported 
during  the  AIAA  7th  Aerodynamic  Testing  Conference  in  September  of  1972, 2  and  following 
additional  analytical  studies,  including  the  investigation  of  "real  gas"  effects  and  its 
important  conclusion  that  gaseous  nitrogen  is  a  valid  transonic  test  medium,4,5  a  deci¬ 
sion  was  made  in  late  1972  to  build  a  pressurized  transonic  cryogenic  "proof-of-concept" 
tunnel®  shown  by  a  recent  photograph  in  the  center  of  figure  2.  This  highly  successful 
"proof-of-concept"  tunnel  began  operation  in  the  autumn  of  1973  and  later  was  converted 
to  a  research  facility  and  designated  as  the  0.3-meter  Transonic  Cryogenic  Tunnel.  This 
facility,  which  can  operate  at  pressures  up  to  6  atmospheres,  was  designed  and  con¬ 
structed  "in-house."  After  a  series  of  critical  aerodynamic  proof-of-concept  tests7  and 
a  broad  cryogenic  wind-tunnel  technology  program,  the  cryogenic  wind-tunnel  concept  was 
selected  in  1975  for  the  new  U.S.  National  Transonic  Facility  shown  in  the  lower  photo- 
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graph  of  figure  2.  This  unique  high  Reynolds  number  facility,  which  is  to  serve  the 
needs  of  NASA,  DOD,  industry,  and  universities,  is  nearing  completion  at  its  Langley  site 
and  is  expected  to  begin  shake-down  runs  in  early  1982. 


3.  THE  NATIONAL  TRANSONIC  FACILITY 

Q  Q 

The  National  Transonic  Facility  '  is  being  constructed  on  the  site  of  the  deacti¬ 
vated  4-foot  supersonic  pressure  tunnel  to  take  advantage  of  existing  variable  speed 
induction  drive  motors,  drive  control  system,  cooling  towers,  and  office  building. 

Because  of  the  pressure  requirement  of  the  NTF  (8.8  atm.),  a  synchronous  motor  has  been 
added  to  the  drive  system  bringing  the  total  drive  horsepower  to  120,000.  Although  simi¬ 
lar  to  most  fan-driven  tunnels  there  are  certain  features  of  the  NTF  that  are  dictated  by 
the  ability  to  operate  at  high  stagnation  pressures  and  cryogenic  temperatures.  For 
example,  to  reduce  both  the  cost  of  the  pressure  shell  and  the  consumption  of  liquid 
nitrogen,  the  volume  of  the  circuit  has  been  minimized,  with  the  major  contributing  fea¬ 
ture  being  the  wide-angle  diffuser  located  immediately  upstream  of  the  settling  chamber 
which  considerably  shortened  the  circuit  length.  Directly  related  to  the  cryogenic 
operation  are,  of  course,  the  liquid  nitrogen  injection  nozzles  located,  for  efficiency 
reasons,  upstream  of  the  fan  and  the  internal  thermal  insulation  which  shields  the  rela¬ 
tively  thick  pressure  shell  from  the  tunnel  flow,  thereby  reducing  liquid  nitrogen  con¬ 
sumption  required  for  cooldown  and  avoiding  thermal  cycling  of  the  pressure  shell.  To 
further  reduce  operational  cost  by  maintaining  tunnel  pressure  and  temperature  during 
model  changes,  test  section  isolation  valves  and  a  tunnel  access  system  which  provides  a 
"room  temperature"  work  environment  in  the  test  section  are  provided. 

A  further  indication  of  the  construction  status  of  the  National  Transonic  Facility 
can  be  seen  in  figure  3  where  photographs  of  a  portion  of  the  control  room  and  of  the 
tunnel  test  section,  taken  in  August  1981,  are  shown.  The  control  room,  which  is  com¬ 
pleted  and  equipped,  houses  the  data  system  complex  which  includes  subsystems  for  facility 
and  model  control,  aerodynamic  data  acquisition,  process  monitoring,  data  management, 
etc.1®  In  the  interest  of  high  productivity  and  reduced  operational  cost,  four  identical 
computers  with  switchable  peripherals  have  been  provided.  In  addition,  the  system  pro¬ 
vides  for  real-time  displays,  on-site  data  analysis,  a  link  to  the  Langley  data  reduction 
center,  and  national  user  access  for  pretest  planning,  software  development,  and  debug¬ 
ging.  An  additional  feature  related  to  reducing  the  high  cost  of  full-scale  Reynolds 
number  testing  is  the  development  of  a  completely  automatic  system  to  control  tempera¬ 
ture,  pressure,  and  Mach  number.  Experience  gained  with  the  successful  automatic  control 
of  temperature  and  pressure  of  the  0.3-m  TCT  has  added  confidence  that  the  NTF  control 
requirements  will  be  achieved. 

The  photograph  of  the  test  section  shows  three  of  the  four  walls  in  place,  the 
angle-of-attack  strut,  and  the  high-speed  diffuser.  The  test  section  has  all  four  walls 
slotted  and  is  2.5  meters  square  which  will  allow  models  large  enough  for  good  construc¬ 
tion  fidelity  to  be  tested  at  the  high  angles  of  attack  of  interest  for  highly  maneuver- 
able  combat  aircraft.  Information  has  been  recently  published11  to  provide  potential 
users  of  the  NTF  with  the  information  necessary  for  preliminary  planning  of  test  programs 
and  for  preliminary  layout  of  models  and  model  supports. 

An  indication  of  the  degree  to  which  the  NTF  will  simulate  the  full-scale  character¬ 
istics  of  maneuvering  combat  aircraft  can  be  seen  in  figure  4  in  terms  of  the  Mach  number- 
Reynolds  number  envelope  for  a  typical  combat  aircraft.®  Because  of  the  increase  in  wall 
interference  effects  at  the  high  angles  of  attack  of  interest  for  maneuvering  combat  air¬ 
craft,  the  model  size  has  been  reduced  such  that  the  mean  aerodynamic  chord,  c,  is  only 
6  percent  of  the  square  root  of  the  test  section  area.  This  results  in  a  c  of  15.0  cm 
being  used  to  define  the  Reynolds  numbers  of  the  NTF  envelope.  The  full-scale  aircraft 
Mach  number-Reynolds  number  envelope  derived  from  its  altitude-Mach  number  combat  arena 
(3g  and  above  maneuvering  envelope)  is  shown  by  the  shaded  area.  The  comparison  indi¬ 
cates  that  for  this  aircraft  the  NTF  should  be  capable  of  simulating  the  complete  sub¬ 
sonic  portion  of  the  combat  arena  and  the  higher  altitude  portions  of  the  transonic 
region.  Also  shown  is  a  composite  envelope  derived  from  the  maximum  capabilities  of 
existing  U.S.  tunnels.  The  large  increase  in  the  Reynolds  number  capability  afforded  by 
the  NTF  is  readily  apparent. 

With  the  NTF  described  and  its  capabilities  in  simulating  the  combat  arena  indicated, 
the  remainder  of  the  paper  will  describe  some  of  the  aerodynamic  research  and  development 
testing  capabilities  associated  with  the  cryogenic  pressure  tunnel  concept  and  review 
selected  portions  of  the  Langley  cryogenic  wind-tunnel  technology  program,  particularly 
with  regard  to  high  angle-of-attack  combat  aircraft  applications.  Some  of  the  operating 
envelopes  will  be  described  followed  by  discussions  of  portions  of  the  cryogenic  testing 
technology  program  related  to  force  and  moment  testing,  and  buffet  testing. 


4.  SOME  UNIQUE  OPERATING  ENVELOPES 

Because  of  the  ability  to  independently  control  stagnation  temperature,  pressure, 
and  Mach  number  the  cryogenic  pressure  tunnel  offers  some  unique  operating  envelopes  that 
allow  new  freedoms  in  aerodynamic  testing. 12  For  example,  figure  5  illustrates  a  constant 
Mach  number  operating  envelope  in  terms  of  Reynolds  number  and  test  section  dynamic 


15-4 


pressure.  This  envelope  is  bounded  by  the  maximum  and  minimum  stagnation  pressures  and 
temperatures.  The  maximum  stagnation  temperature  line  is  representative  of  conventional, 
noncryogenic ,  pressure  tunnels  and  illustrates  the  large  variations  in  dynamic  pressure 
that  accompany  Reynolds  number  sweeps  in  these  tunnels.  These  large  variations  in 
dynamic  pressure,  in  addition  to  restricting  the  useful  Reynolds  number  due  to  excessive 
model,  balance  and  support  system  loads,  result  in  aeroelastic  effects  accompanying  the 
Reynolds  number  effects.  However,  as  indicated  by  the  arrows,  the  cryogenic  tunnel 
allows  large  Reynolds  number  sweeps  at  a  constant  dynamic  pressure  and  dynamic  pressure, 
or  aeroelastic  sweeps  at  constant  Reynolds  number.  The  large  reductions  in  dynamic  pres¬ 
sure  at  a  constant  Reynolds  number  that  accompanies  the  reduced  temperature  is  also  an 
important  test  consideration  that  will  be  discussed  later. 

The  ability  to  adjust  dynamic  pressure  in  the  cryogenic  pressure  tunnel  while  hold¬ 
ing  Reynolds  number  constant  has  implications  with  regard  to  both  aeroelastic  model  test¬ 
ing  and  model  loads  considerations.  For  example,  figure  6  shows  the  variation  in  wind- 
tunnel  dynamic  pressure  associated  with  the  simulation  of  aircraft  aeroelastic  distortion 
and  Reynolds  number  over  an  altitude  range.  The  left  part  of  the  figure  illustrates  the 
conditions  encountered  in  conventional  pressure  tunnels.  The  symbol  represents  an  aero¬ 
elastic  model  designed  to  match  both  the  full-scale  aircraft  aeroelastic  distortion  and 
the  Reynolds  number  for  the  sea-level  condition  and  the  lines  represent  the  variation  in 
tunnel  dynamic  pressure  associated  with  matching  these  conditions  as  the  altitude  is 
increased.  Since  temperature  changes  with  altitude,  the  conventional  pressure  tunnel 
cannot  match  both  Reynolds  number  ar.d  the  variation  in  the  dynamic  pressure  required  for 
simulation  of  aeroelastic  distortion.  At  a  simulated  altitude  of  12,000  meters,  the  dif¬ 
ference  in  dynamic  pressure  associated  with  matching  the  two  conditions  is  about  27  per¬ 
cent.  However,  as  shown  on  the  right  side  of  figure  6,  the  cryogenic  pressure  tunnel 
provides  a  Reynolds  number  matching  envelope  that  encompasses  the  dynamic  pressure 
required  for  aeroelastic  matching  and  therefore  has  the  capability  for  matching  Reynolds 
number  and  aeroelastic  distortion  over  the  altitude  range  with  a  single  aeroelastic  model 
and  at  a  much  lower  dynamic  pressure.  Advanced  model  construction  technology  will,  of 
course,  be  needed  to  handle  the  cryogenic  aspects  of  an  aeroelastic  model. 

The  above  capability  also  has  implications  in  relation  to  model  loads  encountered 
over  the  Reynolds  number  range  as  illustrated  in  figure  7.  In  this  figure,  the  lift 
force  in  newtons  generated  by  a  typical  combat  aircraft  model  for  a  Mach  number  of  0.9 
and  for  an  aircraft  wing  loading  of  2870  newtons  per  square  meter  is  presented  as  a  func¬ 
tion  of  R-  for  a  CL  of  2.0  at  an  ambient  temperature  condition  and  for  a  series  of 
CL's  at  the  minimum  cryogenic  temperature  set  by  a  local  Mach  number  of  1.4  from  conden¬ 
sation  considerations .  First,  by  comparing  the  model  lift  force  at  a  constant  CL  the 
large  reductions  in  model  loads,  for  a  given  Reynolds  number,  resulting  from  cryogenic 
operation  can  be  seen.  Of  additional  interest  for  highly  maneuverable  combat  aircraft  is 
the  fact  that  in  the  cryogenic  mode  the  dynamic  pressure  ratio  matching  capability  illus¬ 
trated  previously  by  figure  6  results  in  the  model  lift  load  (CL  x  q)  for  a  given  maneuver 
load  factor  remaining  essentially  constant  with  Reynolds  number  (or  equivalent  altitude) 
just  as  for  the  aircraft. 

Also  of  interest  is  the  fact  that  in  the  cryogenic  condition,  a  full-scale  Reynolds 
number  simulation  of  a  7g  maneuver  at  an  altitude  of  12,600  meters  can  be  provided  with  a 
tunnel  stagnation  pressure  of  only  2  atmospheres.  Since  several  of  the  existing  conven¬ 
tional  pressure  tunnels  of  the  NTF  size  operate  up  to  2  atmospheres,  it  is  pertinent  to 
note  that  if  the  model  strength  is  sufficient  in  those  tunnels  at  the  lift  coefficient 
corresponding  to  the  12,600-meter  altitude,  it  will  be  sufficient  at  cryogenic  tempera¬ 
tures  where  full-scale  Reynolds  numbers  can  be  simulated  all  the  way  to  sea-level 
conditions . 

These  new  capabilities  provided  by  cryogenic  pressure  tunnels  to  isolate  Reynolds 
number,  Mach  number,  and  aeroelastic  effects  and  to  match  conditions  over  the  aircraft 
operating  envelope  promises  to  provide  greatly  improved  research  and  development  cap¬ 
ability  and  is  of  particular  importance  for  maneuvering  combat  aircraft. 


5.  FORCE  AND  MOMENT  TESTING 

The  majority  of  aerodynamic  testing  related  to  maneuvering  combat  aircraft  consists 
of  conventional  force  and  moment  measurements  to  establish  the  aerodynamic  performance, 
stability,  and  control  over  the  wide  range  of  flight  conditions  expected  to  be  encoun¬ 
tered.  A  major  portion  of  the  extensive  cryogenic  wind-tunnel  technology  program  being 
carried  out  at  Langley  deals  with  this  type  of  testing  and  selected  portions  will  be 
described. 

5 . 1  Model  Technology 

Even  though  cryogenic  operation  provides  large  reductions  in  model  loads  relative  to 
an  ambient  temperature  tunnel  of  the  same  size  at  the  same  Reynolds  number,  the  combina¬ 
tion  of  relatively  high  loads  and  the  effects  of  cryogenic  temperature  on  the  mechanical 
properties  of  materials  has  resulted  in  sizable  model  design  and  construction  challenges 
for  complicated  scale  models  of  combat  aircraft. 

Although  0.3-m  TCT  cryogenic  technology  and  airfoil  research  programs  are  developing 
experience  in  such  areas  as  material  selection,  machinability ,  new  construction  concepts 
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(including  orifice  installation),  heat-transfer  effects,  etc.,  the  size  of  the  0.3-m  TCT 
precludes  much  of  the  practical  experience  required  for  the  large  three-dimensional  NTF 
models.  This  primarily  two-dimensional  model  program,  which  includes  in-house  research 
and  development,  contracts  with  model  construction  firms,  and  a  metallurgical  research 
project  at  the  University  of  Southampton,  has  indicated  that  for  the  current  state  of  the 
art,  model  construction  time  and  cost  is  considerably  greater  than  for  the  lower  Reynolds 
number  ambient  temperature  tunnels.  While  indicating  that  satisfactory  airfoil  models 
can  be  constructed,  it  has  been  shown  that  "non-handbook"  metallurgical  changes  must  be 
carefully  considered  with  regard  to  material  selection,  machining,  etc. 

In  order  to  identify  and  solve  additional  problem  areas  associated  with  the  highly 
stressed  and  complicated  NTF  combat  aircraft  models,  an  extensive  research  and  develop¬ 
ment  program  directed  towards  model  design  and  construction  is  underway  with  both  in-house 
and  contract  efforts.  Focal  points  for  this  study  are  the  in-house  design  an.  construc¬ 
tion  of  a  "pathfinder"  model  and  its  support  sting  and  the  development  of  an  NTF  “users 
criteria"  document. 

5 . 2  Strain-Gage  Balarce  Technology 

In  general,  the  laboratory  studies  and  operational  experience  of  the  0.3-m  TCT  during 
the  past  8  years  have  indicated  that  the  basic  instrumentation  technology  developed  for 
cryogenic  testing  is  generally  satisfactory  and  should  be  directly  applicable  to  maneu¬ 
vering  combat  aircraft  studies  in  the  NTF. 

An  indication  of  the  type  of  cryogenic  instrumentation  development  programs  being 
carried  out  and  an  illustration  of  the  manner  in  which  the  0.3-m  TCT  is  utilized  in  con¬ 
junction  with  other  laboratory  types  of  evaluation  equipment  can  be  derived  from  a  review 
of  the  strain-gage  balance  development  program. 

As  with  most  of  the  testing  to  be  carried  out  in  the  NTF,  the  research  and  develop¬ 
ment  testing  associated  with  maneuvering  combat  aircraft  will  require  internal  strain-gage 
balances  capable  of  accurately  measuring  large  aerodynamic  loads  over  a  wide  temperature 
range.  The  development  of  such  balances  has  been  a  continuing  part  of  the  Langley  cryo¬ 
genic  technology  program  with  the  initial  studies  concentrated  on  thermal  control  using 
standard  balances.  A  water  jacketed  balance  was  tested  in  the  low-speed  cryogenic  tunnel 
in  1972,  and  in  1974  a  conventional  balance  with  the  addition  of  resistance  heaters  was 
investigated  in  the  0.3-m  TCT.  In  1975  the  program  was  expanded^  to  develop  design 
technology  in  the  areas  of  balance  material,  strain  gages,  solder,  wiring,  and  moisture¬ 
proofing  to  allow  the  effects  of  the  cryogenic  environment  on  strain-gage  output  to  be 
minimized.  This  extensive  research  program  has  provided  new  technology  information  that 
has  been  applied  to  the  design  and  construction  of  successful  cryogenic  balances  of  both 
thermal  controlled  and  nonthermal  controlled  types.  Both  types  utilized  strain  gages 
that  were  developed  so  the  gage  factor  and  the  balance  material  modulus  temperature 
effects  were  compensated  such  that  the  sensitivity  shift  over  the  entire  temperature 
range  was  only  -0.7  to  -1.0  percent,  greatly  minimizing  heater  and  calibration  require¬ 
ments.  The  nonthermal  controlled  balance  design  resulted  from  the  development  of  a  tech¬ 
nique  in  which  a  computer  system  matches  experimentally  determined  gage  characteristics 
to  select  companion  gages  in  a  four-active  arm  bridge  circuit  such  that  there  is  essen¬ 
tially  no  zero  shift  with  temperature.  Further,  by  installing  two  gages  transverse  to 
the  principal  stress  axis  the  sensitivity  shift  due  to  temperature  was  reduced  to 
-0.3  percent  or  less. 

Following  extensive  laboratory  tests,  both  balance  types  were  tested  under  aerody¬ 
namic  load  over  the  complete  NTF  temperature  range  in  the  0.3-m  TCT.  Photographs  of  the 
balances  tested  as  part  of  the  evolution  of  the  NTF-101  balance  are  shown  in  figure  8 
along  with  the  respective  aerodynamic  bodies  used  during  the  tests.  The  two  small  bal¬ 
ances  of  the  High  Reynolds  Number  Cryogenic  series  are  designated  HRC-1  and  HRC-2  with 
the  HRC-1  being  the  conventional  balance  with  resistance  heaters  added  that  was  tested 
in  1974.  The  HRC-2  balance  was  the  first  balance  completely  designed  for  cryogenic 
operation  and  was  tested  in  both  thermally  controlled  and  nonthermally  controlled  ver¬ 
sions  with  satisfactory  results.  The  NTF-101  is  the  first  full-scale  NTF  balance  and  is 
a  nonthermally  controlled  design  based  on  the  gage-to-balance  material  and  gage-to-gage 
balancing  technology  described  above.  It  is  a  high  capacity  type  balance  providing  a 
normal  force  of  28,910  newtons  with  only  a  6.03-centimeter  diameter  and  was  designed  to 
meet  the  force  and  size  requirements  of  a  planned  NTF  model.  The  tests  of  this  balance 
in  the  0.3-m  TCT  verified  the  previous  findings,  in  laboratory  experiments,  that  this 
type  of  balance  produces  reliable,  repeatable,  and  predictable  data  from  300  K  down  to 
110  K  under  steady-state  conditions.  Recent  tests  have  shown  that  the  improved  gaging 
techniques  provide  equally  good  results  during  temperature  transients  on  five  of  the 
components.  Research  directed  towards  improving  the  axial  component  transient  tempera¬ 
ture  response  is  continuing. ^  Although  temperature  transients  can  be  greatly  minimized 
in  a  continuous  flow  tunnel  such  as  the  NTF,  improvements  in  the  axial  response  could 
increase  data  acquisition  rate. 

An  example  of  types  of  balance  data  obtained  from  tests  that  have  been  carried  out 
in  the  0.3-m  TCT  is  presented  in  figure  9.  The  example  shown  is  for  the  nonthermally 
controlled  version  of  the  HRC-2  balance  installed  in  a  delta-wing  model.  The  sample 
shown  is  for  a  Mach  number  of  0.30  with  the  measured  model  normal-force,  pitching-moment, 
and  axial-force  coefficients  presented  over  an  angle-of-attack  range  up  to  approximately 
30°.  Tests  were  made  at  three  tunnel  stagnation  temperature  conditions,  a  cryogenic  con¬ 
dition  of  100  K ,  an  intermediate  temperature  of  200  K,  and  an  ambient  temperature  condi- 
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tion  of  300  K.  To  maintain  a  constant  Reynolds  number  of  4.85  -  10®  the  tunnel  stagna¬ 
tion  pressure  was  varied  as  the  temperature  was  varied.  The  main  strut  angle  of  attack 
was  determined  by  an  accelerometer,  maintained  at  ambient  temperature,  located  on  the 
turntable.  The  effect  of  the  varying  dynamic  pressure  on  model  angle  of  attack  was 
accounted  for  by  sting  and  balance  bending  calibrations.  Aeroelastic  effects  on  the 
model  shape  were  negligible  due  to  the  short  span  and  extreme  thickness.  For  this 
unheated  balance  sensitivity  corrections  due  to  temperature  were  applied  as  determined 
from  the  laboratory  tests.  As  mentioned  previously  the  later  NTF-101  balance  utilizes 
new  gaging  .echniques  which  automatically  compensate  for  temperature.  The  results  shown 
in  figure  9  indicate  excellent  agreement  between  the  results  for  the  three  tunnel  stagna¬ 
tion  temperatures,  particularly  for  the  normal-force  and  pitching-moment  coefficients. 
What  appears  to  be  poorer  agreement  for  the  axial-force  coefficient  is  associated  with 
the  fact  that  the  axial  load  provided  by  the  model  was  a  very  small  fraction  of  the  axial 
capacity.  These  and  other  data  obtained  during  the  balance  studies  demonstrate  that 
accurate  force  data  can  be  obtained  using  unheated  strain-gage  balances. 

An  indication  of  the  current  status  with  regard  to  the  sizes  of  one-piece  balances 
required  to  develop  various  load  capacities,  a  consideration  of  particular  importance  for 
high  angle-of-attack  testing,  is  given  in  figure  10.  Here  the  normal-force  capacity  in 
newtons  is  presented  as  a  function  of  balance  diameter  in  centimeters.  The  curves  repre¬ 
sent  three  balance  capacity  levels.  The  lower  curve  represents  the  upper  bound  of 
Langley's  existing  conventional  noncryogenic  six-component  balances,  the  center  curve 
represents  a  "high-capacity "  balance  capability  that  has  been  obtained  without  degrading 
performance,  and  the  upper  curve  indicates  the  additional  load  capability  that  can  be 
provided  in  three-component  balances.  With  regard  to  cryogenic  balances  three  six- 
component  designs  covering  a  normal-force  range  up  to  90  *  103  newtons  have  been  com¬ 
pleted  and  the  mid-size  balance,  the  NTF-101,  which  has  been  constructed  and  successfully 
tested  in  the  0.3-m  TCT  is  indicated  by  the  upper  solid  symbol.  The  two  cryogenic  three- 
component  balances,  the  HRC-1  and  HRC-2,  are  shown  as  the  two  lower  solid  symbols. 

Although  research  and  development  is  continuing  to  provide  further  balance  improve¬ 
ments  it  appears  that  the  current  technology  should  provide  balances  suitable  for  the 
high  angle-of-attack  testing  associated  with  maneuvering  aircraft. 


6.  BUFFET  TESTING 

A  phenomenon  which  can  degrade  the  maneuver  capability  of  a  combat  aircraft  is  the 
onset  of  buffet  and  the  rate  at  which  it  builds  up  with  increasing  angles  of  attack. 

Since  buffet  is  a  separated  flow  phenomenon,  it  is,  of  course,  often  highly  dependent  on 
Reynolds  number.  The  new  cryogenic  wind  tunnels  offer  unique  opportunities  to  improve 
the  ground-based  simulation  of  full-scale  buffet  characteristics.  In  addition  to  the 
obvious  Reynolds  number  advantage,  the  cryogenic  pressure  tunnel  offers  advantages  such 
as  increasing  the  ratio  of  aerodynamic-to-structural  damping  and  providing  a  certain 
degree  of  control  over  the  reduced  frequency  parameter  with  a  single  model  stiffness. 

These  characteristics  of  the  cryogenic  pressure  tunnel  will  be  discussed  in  the  following 
sections . 

A  precursor  study,  in  preparation  for  buffet  measurements  in  the  NTF ,  has  been 
carried  out  in  the  0.3-m  TCT3^  to  determine  if  an  existing  buffet  testing  technique,  the 
measurement  of  the  unsteady  wing-root  bending  moment,  can  be  used  successfully  at  cryo¬ 
genic  temperatures.  The  aerodynamic  configurations  utilized  for  the  study,  shown  in  fig¬ 
ure  11,  were  selected  as  a  result  of  discussions  with  Dennis  G.  Mabey  of  the  British 
Royal  Aircraft  Establishment  in  connection  with  a  lecture  on  dynamic  aeroelastic  model 
tests  in  cryogenic  tunnels  which  he  presented  at  Langley.13 

The  aspect  ratio  3  rectangular  wing  with  its  "peaky"  type  airfoil  provides  the 
opportunity  to  investigate  the  shock  induced  separation  type  of  buffet  while  the  65° 
delta  wing  with  its  sharp  leading  edge  generates  the  leading-edge  vortex  flow  typical  of 
supercruiser  type  of  combat  aircraft  and  provides  the  opportunity  to  investigate  the 
effects  of  vortex  breakdown  on  buffet.  The  semispan  wing  models  were  cantilevered  from  a 
turntable  in  the  sidewall  of  the  two-dimensional  test  section  of  the  tunnel.  It  is  recog¬ 
nized  there  are  sidewall  interference  effects  because  of  the  relatively  large  size  of 
these  three-dimensional  models  compared  to  the  size  of  the  test  section.  However,  for 
the  purpose  of  comparing  results  at  ambient  and  cryogenic  temperatures  the  wall  inter¬ 
ference  effects  are  of  little  importance. 

6 . 1  Model  Construction  and  Instrumentation 

The  semispan  buffet  wing  models  were  constructed  from  the  same  type  of  aluminum 
alloy,  7075-T6,  as  the  turntable  to  which  they  were  mounted.  This  was  done  in  order  to 
eliminate  any  possible  effects  of  differences  in  thermal  expansion  characteristics  between 
the  model  and  the  turntable  over  the  range  of  test  temperatures  in  order  to  provide  a 
rigid  model  mounting  to  keep  the  structural  damping  as  low  as  possible.  A  strain-gage 
bridge  and  two  thermocouples  were  bonded  with  cement  into  recesses  machined  into  the  upper 
and  lower  surfaces  of  the  wings  near  the  root  chord.  The  remaining  void  was  then  filled 
back  to  the  original  surface  with  the  same  cement  which  is  rated  for  use  over  the  tem¬ 
perature  range  of  interest  of  100  K  to  300  K.  No  artificial  transition  was  used  to  trip 
the  boundary  layer  on  either  of  the  models  for  these  tests.  The  first  natural  frequency 
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in  bending  at  ambient  temperatures  for  the  rectangular  wing  is  about  270  hertz  and  for 
the  delta  wing  the  frequency  is  about  492  hertz. 

The  buffet  data  system  used  for  these  tests  is  a  two-channel  integrated  unit  designed 
by  personnel  of  the  Instrument  Research  Division  at  Langley.  The  system  determines  the 
average  root-mean-square  values  of  the  unsteady  voltage  signal  from  the  bending-moment 
gage  by  integrating  the  time-varying  portion  of  the  signal  for  a  preselected  time  interval 
which  may  be  varied  from  1  to  99  seconds.  For  this  test  an  integration  time  of  20  seconds 
was  used.  The  unsteady  bending-moment  signal  was  recorded  on  magnetic  tape  for  later  off¬ 
line  analysis. 

6 . 2  Test  Procedure 

Before  the  actual  wind-tunnel  test,  the  models  were  loaded  statically  while  in  an 
environmental  chamber  in  order  to  determine  the  effect  of  the  large  temperature  range  on 
the  strain-gage  sensitivity.  The  variation  in  the  sensitivity  with  temperature  was  found 
to  be  linear  and  to  increase  by  21  percent  for  the  delta  wing  and  24  percent  for  the 
NPL-9510  wing  over  a  range  of  temperature  from  300  K  to  110  K.  This  rather  large  change 
in  sensitivity  with  temperature  is  apparently  the  result  of  the  strain  gages  not  being 
well  matched  to  the  aluminum  alloy  used  for  the  models.  The  calibration  curve  for  each 
of  the  two  models  as  a  function  of  temperature  was  used  to  correct  the  gage  sensitivity 
in  the  data  .reduction. 

After  the  wind  tunnel  had  reached  the  required  test  conditions  and  the  angle  of 
attack  had  been  set,  the  gain  of  the  buffet  system  was  adjusted  to  maximize  the  output  of 
the  unsteady  wing-root  bending-moment  signal.  This  signal  was  monitored  with  an  oscillo¬ 
scope  and  a  recording  oscillograph  for  amplifier  overload  and  for  the  allowable  input 
range  for  the  analog  tape  recorder.  The  unsteady  bending-moment  signal  was  then  inte¬ 
grated  for  the  20-second  time  interval  chosen  for  this  test  and  then  recorded  on  the 
tunnel  data  system.  Afterwards  a  20-second  segment  of  the  unsteady  signal  was  recorded 
on  magnetic  tape  for  later  analysis.  A  separate  desk-top  calculator  was  used  to  compute 
and  plot  the  dynamic  coefficients  for  on-line  display. 

6 . 3  Buffet  Test  Results 

The  range  of  test  conditions  for  the  delta-wing  model  is  shown  in  figure  12  for  a 
Mach  number  of  0.35  by  the  envelope  of  the  Reynolds  number  and  the  reduced  frequency 
parameter  combinations.  The  stagnation  pressure  and  temperature  are  indicated  along  the 
boundaries  of  the  envelope.  The  ability  to  provide  this  unique  envelope  in  a  cryogenic 
tunnel  with  a  single  model  is  a  result  of  the  wide  range  of  temperature  control  and  its 
effect  on  the  speed  of  sound  and  thereby  on  the  reduced  frequency  parameter  at  a  given 
Mach  number. 

As  shown  in  figure  13,  results  were  obtained  at  the  same  free-stream  velocity,  which 
gave  almost  the  equivalent  reduced  frequency  parameter,  and  the  same  dynamic  pressure  by 
adjusting  the  Mach  number  and  the  stagnation  pressure.  At  these  low  Mach  numbers  any 
Mach  number  effect  should  be  small.  Good  agreement  for  the  unsteady  bending  moment  was 
obtained  over  the  entire  range  of  angle  of  attack  using  this  procedure.  This  good  agree¬ 
ment  in  the  dynamic  root  bending  moment  is  considered  to  demonstrate  that  the  root 
bending-moment  strain-gage  technique  operates  satisfactorily  at  cryogenic  temperatures. 

The  variation  in  the  reduced  frequency  parameter  in  figure  13  from  5.71  to  6.01  radians 
for  the  ambient  and  the  cryogenic  data,  respectively,  is  a  result  of  the  frequency  of  the 
first  natural  bending  mode  increasing  with  a  decrease  in  temperature  because  of  an 
increase  in  modulus  of  elasticity  of  the  aluminum  alloy.  As  will  be  seen  later,  it  is 
possible  that  the  small  difference  in  reduced  frequency  parameter  could  conceivably 
account  for  the  small  differences  in  the  data. 

The  unique  capability  of  the  cryogenic  tunnel  in  which  control  of  the  speed  of  sound 
can  be  utilized  to  provide  a  range  of  reduced  frequencies  while  maintaining  constant  Mach 
and  Reynolds  numbers  is  illustrated  by  the  results  presented  in  figure  14.  Shown  are  the 
data  for  a  Mach  number  of  0.35  and  a  constant  Reynolds  number  for  two  values  of  the 
reduced  frequency  parameter  obtained  by  temperature  variation.  Also  indicated  is  the 
angle  of  attack  at  which  vortex  breakdown  has  reached  the  wing  trailing  edge  as  obtained 
from  the  study  of  reference  16.  The  buffet  measurements  indicate  that  the  onset  of  buffet 
coincides  with  vortex  breakdown  at  the  trailing  edge  and  that  the  intensity,  which 
increases  as  the  vortex  breakdown  moves  toward  the  wing  apex,  is  highly  dependent  upon 
the  reduced  frequency.  At  a  given  angle  of  attack  beyond  buffet  onset  the  buffet  inten¬ 
sity  is  seen  to  increase  greatly  as  the  reduced  frequency  parameter  is  increased  from  3.49 
to  6.01.  It  has  been  suggested  by  Mabeyl^  that  the  reduced  frequency  effect  shown  in  fig¬ 
ure  14  is  consistent  with  the  increased  magnitude  of  the  excitation  spectrum  with 
increases  in  reduced  frequency  observed  by  Keating  in  an  analysis  of  oscillating  surface 
pressures  on  a  model  of  the  BAC  221  slender  winq  research  airplane.  These  effects  were 
attributed  to  the  frequency  content  induced  by  the  vortex  flow  in  which  breakdown  had 
occurred  at  about  the  one-half  root  chord  longitudinal  station.  To  illustrate  this  pos¬ 
sible  correlation  figure  15  has  been  prepared.  The  data  by  Keating  are  shown  on  the  left 
side  of  figure  15  with  the  nondimensional  fluctuating  pressure  parameter  plotted  against 
the  frequency  parameter.  On  the  right  side  of  figure  15,  the  buffet  coefficient  for  the 
delta-wing  model  is  plotted  for  vortex  breakdown  at  about  50-percent  root  chord  and  for 
breakdown  at  25-percent  root  chord.  The  leading-edge  vortex  type  of  flow  on  these  two 
types  of  slender  w  ngs  should  be  similar  even  though  the  detailed  geometry  of  the  plan- 
forms  is  different.  The  increase  in  excitation  for  values  of  fb/V  of  0.78  to  1.34  is 
considered  analogous  to  the  increase  in  the  buffet  coefficient  over  the  same  range  of 
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frequency  parameter.  The  demonstrations  of  the  capability  of  utilizing  a  conventional 
buffet  test  technique  at  cryogenic  temperatures,  and  of  the  benefits  of  temperature  con¬ 
trol  over  a  wide  range  with  regard  to  controlling  various  buffet  parameters,  along  with 
the  research  results  obtained,  should  be  of  value  in  assuring  efficient  use  of  the  NTF 
for  combat  aircraft  buffet  studies  utilizing  simple  wing-root  bending  gages. 


7.  CONCLUDING  REMARKS 

During  the  past  decade  a  great  deal  of  progress  has  been  made  in  the  development  of 
high  Reynolds  number  cryogenic  wind  tunnels  and  in  the  testing  technology  required  to 
utilize  the  unique  capabilities  of  these  facilities.  Subsequent  to  the  U.S.  decision,  in 
1975,  to  construct  the  National  Transonic  Facility,  interest  in  the  concept  has  grown 
throughout  the  world  and,  at  present,  there  are  at  least  10  small  and  moderate  size  cryo¬ 
genic  tunnels  in  operation  or  under  construction  in  the  U.S.,  Europe,  and  Japan  in  addi¬ 
tion  to  the  Langley  tunnels.'*'®-^®  Besides  the  national  programs,  there  is  also  a  four- 
Nation  program  in  Europe  to  develop  a  large  European  Transonic  Wind-tunnel  (ETW) .1®  The 
operational  experience  and  cryogenic  technology  programs  associated  with  these  programs 
will  augment  the  Langley  experience. 

With  the  NTF  scheduled  to  begin  operation  in  1982,  experience  will  be  gained  in  a 
cryogenic  tunnel  large  enough  to  carry  out  full-scale  Reynolds  number  research  and 
development  at  the  high  angles  of  attack  applicable  to  maneuvering  combat  aircraft  aero¬ 
dynamic  technology. 

If  these  new  transonic  high  Reynolds  number  facilities  live  up  to  their  unique 
potentials,  they  will  provide  outstanding  capabilities  for  improving  maneuvering  combat 
aircraft  technology. 
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Figure  1.-  Drive  power  requirements  for 
three  methods  of  increasing  Reynolds 
number.  M  =  Constant. 


Figure  2.-  Evolution  of  the  National  Transonic  Facility. 
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Figure  3.-  Photographs  of  the  National 
Transonic  Facility.  August  1981. 


Figure  6.-  Effect  of  altitude  on  simulation 
of  aeroelastic  distortion  and  Reynolds 
number.  M  =  0.9,  2.5  meter  tunnel, 
c  =  0 . 142  meter . 


Figure  4.-  National  Transonic  Facility 
simulation  of  typical  fighter  combat 
arena. 


Figure  7.-  Effect  of  cryogenic  wind-tunnel 
operation  on  model  loads  for  a  typical 
fighter  at  M  =  0.9,  2.5  meter  tunnel, 
model  c  =  0.142  meter. 


Figure  5.-  Constant  Mach  number  operating 
envelope  for  a  pressurized  cryogenic 
wind  tunnel.  M  =  1.0,  2.5  by  2.5  meter 
test  section. 


Figure  8.-  Evolution  of  cryogenic  strain- 
gage  balances. 
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Figure  9.-  Balance  data  at  ambient  and 

cryogenic  temperatures  in  the  0.3-meter 
Transonic  Cryogenic  Tunnel.  M  =  0.30, 
R-  =  4.85  x  106. 


Figure  11.-  Buffet  models  tested  in 

0.3-meter  Transonic  Cryogenic  Tunnel. 
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ABSTRACT.  - 


During  these  last  years,  integration  of  new  technologies  was  in  permanent  and  rapid  evolution, 
concerning  the  design  of  modern  fighters,  and  has  considerably  enhanced  its  potential  area  of  use.  In  a 
more  complex  and  synthetic  manner,  we  are  dealing  today  with  problems  connected  to  flight  qualities, 
manoeuvrabili ty ,  performance  and  security. 

Under  atmospheric  disturbances  and  pilot  orders,  the  dynamic  response  of  the  airplane  system 
can  be  considered  as  the  behaviour  result  of  four  sub-systems  highly  interactive  : 

-  mechanical  :  mass  and  inertial  aspect 

-  structural  s  elastic  aspect 

-  aerodynamic  :  both  high  angles  and  rotations  field 

-  automatic  control  :  concepts,  new  control-surfaces. 

The  strong  connection  in  these  systems  also  depends  on  the  airplane  configuration  and  approached 
flight  domain.  In  particular,  it  is  in  the  high  angles  evolutions  domain  that  these  connections  are  the 
most  significant  and  the  requirements  in  stability  and  manoeuvrability  prediction  matter  are  particularly 
important  from  the  point  of  view  of  security  problems.  On  another  hand,  in  this  field,  we  have  to  focus  the 
loss  of  control  or  spin  prevention  systems. 

The  definition  of  these  active  or  passive  means  during  the  design  stage,  and  their  reliability 
require  an  improved  Knowledge  of  the  airplane  behaviour  at  the  limits  of  its  evolution  domain. 

Taking  into  account  the  complexity  of  encountered  problems  for  the  prediction  of  the  airplane 
behaviour  in  high  angles,  departure  or  spin  domain,  there  is  no  unique  solution  for  obviously  covering  the 
whole  needs.  A  diversification  of  complementary  methods  has  to  be  developed  in  association  with  synthesis 
works  which  could  involve  as  more  as  possible  components  influencing  the  airplane  dynamic  response. 

The  aim  of  this  paper  is  to  present  some  of  these  experimental  or  analysis  methods,  particularly 
developed  in  the  I. M.F. Lille,  which  contribute  to  the  airplane  behaviour  prediction  at  high  angles  and 
stall/spin.  The  presentation  cannot  be  exhaustive  \  it  proposes  a  brief  review  of  the  method,  its  contri¬ 
bution  to  the  study  of  considered  problem  illustrated  by  a  few  examples,  its  limitations  and  the  expected 
development  prospects. 


1  -  INTRODUCTION.- 

Au  cours  des  dernieres  annGes, 1 ' integration  de  technologies  nouvelles  en  cons tan te  et  rapide 
Evolution  dans  la  conception  de  1 ’Avion  d’Armes  Moderne  a  considGrablement  Glargi  son  domaine  potentiel 
d'emploi  et  pose  aujourd'hui,  de  fagon  plus  complexe  et  synthGtique,  les  problemes  lies  aux  qualites  de 
vols,  G  la  manoeuvrabili tG,  G  la  performance  et  G  la  sGcuritG. 

La  rGponse  dynamique  du  systems  avion  soumis  aux  perturbations  atmosphGriques  et  aux  ordres 
pilote  peu  Gtre  considGrGe  comme  la  rGsultante  du  comportement  de  quatre  sous-ensembles  aujourd'hui 
fortement  interactifs  (planche  2)  : 

-  MGcanique  :  aspect  massique  et  inertiel 

-  Structural  :  aspect  Glastique 

-  AGrodynamique  :  domaine  des  grands  angles  et  de  fortes  rotations 

-  Commands  automatique  :  concepts,  gouvernes  nouvelles. 

L'intensitG  des  couplages  entre  ces  systGmes  dGpend  aussi  de  la  configuration  de  1* avion  et  du 
domaine  de  vol  abordG.  Cest  singuliGrement  dans  le  domaine  des  Gvolutions  aux  grands  angles  que  ces 
couplages  sont  les  plus  marquGs  et  que  les  besoin9  en  matiGre  de  prGdiction  de  stabilitG  et  de  manoeuvra- 
bilitG,  associGs  aux  problGmes  de  sGcuritG,  sont  particuliGrement  importants.  En  outre,  dans  ce  domaine, 
une  attention  nouvelle  est  portGe  sur  les  systGmes  de  prGvention  de  perte  de  contrfile  ou  de  vrille.  La 
dGfinitian  de  ces  moyens  actifs  ou  passifs  au  stade  du  projet,  ainsi  que  l'Gvaluation  de  leur  robustesse, 
nGcessitent  une  connaissance  accrue  du  comportement  de  l’avton  aux  limites  de  son  domaine  devolution. 

Compte-tenu  de  la  complexitG  des  nroblGmes  rencontrGs  pour  la  prGdiction  du  comportement  de 
1 'avion  dans  les  domaine9  du  vol  aux  grandes  incidences,  de  la  perte  de  contrfile  ou  de  la  vrille,  il  est 
clair  qu’aucune  technique  ne  peut  couvrir  1 'ensemble  des  besoins.  Une  diversification  de  mGthodes 
comp lGmenta ires  doit  Gtre  dGveloppGe,  associGe  G  des  travaux  cte  synthGse  permettant  la  prise  en  compte 
du  plus  grand  nombre  de  composantes  intervenant  dans  la  rGponse  dynamique  de  1’ avion. 

L'objectif  de  ce  papier  est  de  prGsenter  un  certain  nombre  de  ces  mGthodes  expGrimen tales  ou 
d'analyses,  en  dGveloppement  notamment  G  I'l. M.F. Lille,  contribuant  G  la  prGdiction  du  comportement  de 
l'avion  aux  grand9  angles,  perte  de  contrfile  et  vrille.  La  prGsentation  ne  oeut  Gtre  exhaustive,  r6f.(1J 
et  {2)  i  elle  propose  un  bref  exposG  de  la  mGthode,  sa  contribution  G  l’Gtude  du  problGme  considGrG 
tllustrSe  par  quelques  examples,  ses  limitations  et  les  perspectives  de  dfiveloppement  envisages. 
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2  -  TECHNIQUES  EXPERIMENT  ALES  APPLIQUEES  A  L’ ETUDE  DE  LA  PERTE  DE  CON  ±  ROLE  >  GRANDES  INCIDENCES  ET  VRILLES .- 


2.1  -  Remarques  g£n£rales  -  Presentation  d'  ensemble  dss  diverses  approches  e  xp  £  rime  n  tales, 

Les  techniques  d’essais  sur  maquettes,  applicables  a  l’etude  des  grandes  iricidences-vril  le, 
recouvrent,  d'une  part  les  m6thodes  classiques  de  soufflerie  :  determination  des  caracteristiques 
aerodynamiques  statiques  et  dynamiques  et,  d’ autre  part,  des  techniques  sp£cifiques  en  constant  develop- 
pement  faisant  appel  aux  maquettes  libres  ou  semi-libres. 

La  figure  3  presente  ure  classification  d'ensemble  des  techniques  expsrimentales  mises  en  oeuvre. 

Compte-tenu  du  nombre  de  variables  a  consid^rer  et  de  1' amplitude  du  domaine  de  variation  des 
param&tres,  les  essais  en  soufflerie  sur  maquettes  captives  feront  appel  &  des  montages  varies  sollicitant 
les  divers  degr£s  de  liberty  et  seront  coordonnes  par  un  programme  experimental  general  tres  etroitement 
connect^  a  la  structure  consid§r§e  de  la  modelisatior  mathematique  du  torseui  a§rodynamique  (voir  ref. {3}). 

L'apport  des  essais  sur  maquettes  libres  est  fondamental  dans  ce  domaine  d'etude  car  ils 
represen  tent  une  approche  synthetique  indispensable  &  la  validation  des  travaux  de  base  relatifs  a 
l'eiaboration  de  modules  math^matiques  de  representation,  et  qu’ils  constituent  une  vole  directe  quasi¬ 
unique  de  prediction  globale  de  comportement  dans  le  domaine  de  la  perte  de  contrfile,  de  l*efficacit6 
des  systemes  de  prevention  et  des  techniques  de  recuperation.  Ces  m*  thodes  permettent  egalement  d’etablir 
des  correlations  directes  avec  les  essais  grandeur. 

Sur  la  validity  de  ces  techniques  et  leur  repr6sentativite,  un  commentaire  g6n6ralement  formula 
est  celui  des  effets  de  Reynolds  et  de  Mach.  Les  essais  classiques  en  soufflerie  apportent  sur  ce  point 
des  elements  de  r6ponse  et  un  certain  apaisemert.  Les  effets  du  nombre  de  Reynolds  sont  /troitement  116s 
a  la  configuration  g^omitrique.  Pour  les  avions  d'armes,  la  configuration  voilure  fl6ch6e  et  bord  d^attaque 
mince  est  relativement  insensible  au  nombre  de  Reynolds  jusqu’&  des  valeurs  basses  d’environ  0.5  10  , 
notamment  pour  les  caracteristiques  de  d6crochage  et  de  stability  lat^vale  aux  grands  angles  :  perte  de 
contrSle,  vrille  debutante.  Dans  le  domaine  de  vrille  proprement  dit,  les  effets  les  plus  significatifs 
du  nombre  de  Reynolds  sont  attribu^s  au  rflle  determinant  du  fuselage,  en  particulier  de  la  g6om£trie  de 
l’avant.  Les  sections  circulaires  de  fuselage-avant  sont  reput6es  peu  sensibles  au  nombre  de  Reynolds 
alors  que  l’effet  est  determinant  pour  des  sections  plus  anguleuses. 

De  maniere  generale,  la  fiabilite  de  la  prediction  des  vrilles  en  soufflerie  est  bonne.  Elle 
est  illustree  par  la  correlation  avec  les  r6sultats  grandeurs  („1.4)  :  les  cas  de  vrille  sont  plus 
nombreux  en  soufflerie  que  sur  avion,  mats  incluent  toujours  les  cas  reels.  Les  essais  a  tendance 
pessimists  de  la  soufflerie  peuvent  Stre  imputes  aux  conditions  initiales  et  h  1 ’environnement 
calme  de  la  maquette. 

Les  effets  du  nombre  de  Mach  sont  aujourd'hul  encore  tr£s  difficiles  £  apprecier  car  le 
domaine  d' incidence  d6rapage  £  etudier  n'est  pas  suffisamment  couvert  par  les  souffleries  trans  ou 
supersoniques . 


2,2  -  Essais  sur  maquettes  captives  en  soufflerie, 

2,2,1  -  Aspects  g6n6raux  -  r£f,{4f  ,  f 5 )  ,  (6}  ,  (?}  et  { 8 } 

Ces  techniques  sont  aujourd'hul  tres  r6pandues  et  en  constant  d6veloppement.  Leur  diversification, 
en  particulier  dans  les  montages  dynamiques,  r6sulte  du  double  souci  d’une  simulation  dynamique  repre¬ 
sentative  des  evolutions  vari6es  de  l’avion  et  1 'observabilite  des  coefficients  de  stabilite  dynamique 
sur  la  base  d’un  modeie  de  representation  appropri6. 

Les  essais  statiques  en  soufflerie  jusqu'aux  tr£s  grands  angles  d* incidence- d6rapage ,  et  les 
wfficacites  statiques  des  gouvernes,  constituent  la  base  de  1 ’identification  a6rodynamique  de  1 'avion. 

Ces  essais  doivent  6tre  menes  avec  de  particulieres  precautions  compte-tenu  des  fortes  non  Iin6arit6s  et 
des  grandes  amplitudes  de  variations,  associees  d  de  forts  couplages  des  composantes  du  torseur 
a6rodynamique  (variations  de  «  ,  p  par  pas  tr£s  faible  ou  excursion  en  continu  dans  le  domaine  (  ot  ,  ). 

En  prealable  aux  essais  et  h  1 ’analyse  dec  contributions  dynamiques,  la  mod61isation  du  torseur  statique 
doit  Stre  envisages  avec  une  at  ter  .ion  specials ,  Elle  contribue  notamnent  de  farjon  determinants  h  la 
recherche  d’6tats  ou  de  domaines  probables. cT6quilibre  de  vrille  stationneire  en  y  adjoignant,  ult6- 
rleurement,  l’effet  deft  continu  (avec  if,  V' •  01  ainsi  qu’A  une  predetermination  des  domaines  d'insta- 
bilite  permBttant  d’apprecier  les  tendances  h  la  perte  de  contrfile. 

Au  stade  preiiminai re,  ce  caractdre  est  usuellement  apprecie  par  des  critdres  du  type  C 
ou  LCOP  >  0.  Quelques  remarques  sur  l’aspect  mod§lisatlon  du  torseur  statique  9ont  formul6es  P  y 
plus  loin. 


En  addition  h  la  reconnaissance  du  torseur  statique,  1 ’identification  de  la  contribution  des 
param&tres  dynamiques,  introduits  par  des  evolutions  du  type  grands  mouvements  amples  et  rapides  (perte 
de  contrSle,  recuperation),  osci 1  lations,ou  rotations  continues  avec  superposition  6ventuelle  d’ag^ta- 
tions  (vrilles  stationnaires  ou  agltees),  necessite  Ip  developpement  en  soufflerie  de  moyens  de 
Simulation  dynamique. 
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Les  principales  caracteris tiques  de  ces  techniques  exp§rimentales  sent  proposes  planche  5. 

De  m5me  que  pour  les  essais  statiques,  les  techniques  dynamiques  ne  couvrent  pas  £  1'heure 
actuelle  simul tan6ment  le  domaine  (  «  ,  f  ,  M,  Re)  souhaite.  Ce9  techniques  peuvent  fltre  class6es  selon 
trois  types  principaux  de  mouvements  simuies  : 

-  Technique  d'oscillations  fo redes  autour  d'un  6tat  moyen 

-  Technique  de  balance  dynamique  en  rotation  uniforme 

-  Technique  des  grands  mouvements  non  p^riodiques 

permettant  notamment  de  ddcrire  des  trajectoires  dans  l'espace  d'etat. 

Certains  montages  en  soufflerie  permettent  une  si^erposition  de  ces  mouvements. 

Mentionnons  l'apport  determinant  de  ces  experiences  dans  des  etudes  parametriques  :  effet  de  Re, 
M,  gouvemes,  amplitude  et  frequence  reduite  et  1 'excellente  adaptation  a  une  instrumentation  extensive. 
Cependant,  les  interferences  a6rodynamiques  ou  mecaniques  de  la  soufflerie  et  du  montage  creent  de 
dilicats  problemes  dans  le  traitement  des  informations  {voir  ref.  9}. 


2,2.2  -  Technique  des  oscillations  forcies  et  des  grands  rnouvements . 


Ces  m6thodes  sont  bien  connues  car  exploitees  depuis  pres  de  vingt  ans,  et  demeLrent  d'une 
grande  actualite  dans  le  domaine  des  grands  angles.  Leur  contribution  associ^e  aux  resultats  statiques 
foumit  des  informations  pr^cieuses  dans  le  regime  du  decrochage  et  du  debut  de  la  perte  de  contrflle, 
car  les  facteurs  d' amortissement  dependent  fortement  des  variables  d'etat  et  de  leurs  d§riv§es.  Dans 
le  domaine  de  la  vrille,  leur  contribution  est  plus  douteuse.  On  ne  connait  pas  en  effet  aujourd'hui 
le  rflle  joue  par  le  caractere  heiicoldal  de  l'6coulement  lie  £  la  rotation  uniforme  vis-a-vis  des 
amortissements  provenant  des  oscillations  autour  de  cet  etat  moyen.  Des  £quipements  sp^cifiques 
permettant  de  superposer  oscillations  en  roulis  ou  lacet  et  rotation  uniforme  sont  en  d6veloppement 
a  1 ' I.M.F.L.  afin  de  valider  cette  hypothese  {ref. 19}  [planche  10). 

Un  montage  typique  destine  aux  mesures  par  oscillations  forcees  est  pr^sente  planche  6. 

II  prend  place  dans  la  soufflerie  horizontale  de  1'I.H.F.L.  Cdiametre  2,5  m>  55  m/s). 

II  permet  le  positionnement  de  la  maquette  dans  le  domaine  ot  ,  p  ♦  90°  et  d'etablir  des 
rotations  autour  des  axes  maquette  selon  p,  q  et  r  independamment  ou  de  fagon  combin§e. 

Les  modes  de  fonctionnement  en  p  r  et  p  q  sont  representes  sur  cette  planche. 

Ce  montage  est  anime  autour  des  3  axes  par  des  moteurs  hydrauliques  pilotes  par  servo-valves 
et  generateurs  de  fonctions.  La  maquette  est  port6e  par  une  balance  six  composantes. 

Le  mode  de  fonctionnement  usuel  de  ce  montage  est  celui  d'oscillations  forcees  pour  lesqjelles 
un  decouplage  des  divers  degr6s  de  liberty  a  et6  recherche,  associe  a  un  domaine  extensif  d' incidence 
d6rapage.  Des  exemples  de  r^sultats  sont  pr^sent^s  planche  7  et  planche  0  :  effet  classique  amortisseur- 
moteur  du  C  +  «  f  OC),  effet  de  1* amplitude  et  de  la  frequence  sur  C  [  p)  en  oscillation  forc§e  de 
lacet.  ^  P 

Un  autre  mode  de  fonctionnement  du  montage  est  actuellement  etudi6  pour  permettre  de  r^aliser 
des  trajectoires  dans  l'espace  d'etat  (p,  q.  r)  a  partir  de  lois  representatives  d'un  mouverrent  type 
perte  de  contrflle,  identifie  par  ailleurs  (maquette  de  vol  libre),  et  reproduit  en  soufflerie,  Cette 
procedure  devrait  permettre  d'6tudier  la  stabilite  du  phenomena  autour  de  cette  trajectoire  nominale  {10}. 

Une  deuxieme  possibilite  serait  egalement  offerte,  Elle  consisterait,  pour  les  mouvements  autour 
du  centre  de  gravite,  e  realise r  une  lot  de  &  (t)  calcuiee  en  tercps  reel  en  fonction  des  mesures 
ins tantanees  du  torseur  reduit  h  L  M  N  de  telle  sorte  que  celui-ci  soit  nul  pour  une  maquette  en 
similitude  dynamique  de  l'a6rodyne.  II  est  indispensable  d'associer  %  cette  procedure  les  entrees  du  type 
gouvernes.  Ces  methodes  tr6s  attractives  sont  neanraoins  tr£s  deiicates  de  mise  en  oeuvre. 

Un  autre  di3positif  experimental  de  la  mSrne  famillB  et  de  plus  forte  capacite  fonctionnant 
dans  la  mflme  soufflerie  est  represente  planche  9,  II  est  utilise  h  la  fois  pour  les  mesures  en  statique, 
en  oscillations  forcees  :  tangage  ou  lacet  ou  roulis  dans  une  variante  du  montage  non  represent6e,  et 
permet,  dans  le  domaine  (0C,p45°),  des  mouvements  selon  des  lois  variees  pour  des  maquettes  de  plus 
grande  taille  Cl, 5  m)  • 

2.  2.3  -  Balance  rotative  de  l  *1.  M .  F.  L. 

La  balance  rotative  de  l'l.M.F.L.  permet  la  mesure  de  caracteristiques  e6rodynamique9  dans  un 
tres  large  domaine  d' incidence-d6rapage  pouvant  presenter  des  mouvements  de  rotation  eieves  et  continus. 
Ainsi.ce  montage  a  6t6  congu  pour  couvrir  deux  grandes  gammes  d'essais  :  d'une  part,l'6tude  du  domaine 
de  vol  jusqu'aux  grandes  incidences  avec  la  possibilite  d'y  adjoindre  un  taux  de  rotation,  d’autre  part: 
l’etude  de  la  vrille  avec  la  possibilite  de  simuler  un  tel  mouvement  avec  de  nombreux  degres  de  liberte. 
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Description  du  montage. 

La  balance  rotative  est  installs  dang  la  soufflerie  verticale  de  1'I.M.F.L.  La  planche  10 
presente  un  schema  du  montage  avec  ses  differents  degr^s  de  liberte  et  les  limitations  cinematiques  sur 
chacun  d'eux. 

Pour  un  descriptif  corrplet  et  d6taill6,  nous  renvoyons  le  lecteur  a{ll}  mais  nous  rappederons 
toutefois  que  : 

-  la  vitesse  maximum  de  la  soufflerie  est  de  40  rVs 

-  la  taille  maxi  des  maquettes  est  de  1,5  m 

-  les  gouvemes  de  la  maquette  peuvent  Stre  §ventuellement  motorisees 

-  les  originalites  de  ce  montage  vis-a-vis  d'autres  balances  rotatives  resident  dans  l'existence 

des  parametres  suivants  :  ^ 

.  A  =  angle  entre  la  vitesse  V  du  vent  et  l1  axe  de  la  rotation  principale  du  montage  (enfl  ou  ) 
.  R  =  rayon  vrille  :  distance  entre  le  centre  de  gravity  et  l'axe  de  vrille 
,  ~  cap  relatif  :  angle  sous  lequel  le  nez  de  1 ’avion  regards  l'axe  de  vrille 

.  r  et.lorsque  A  =  0,  l'axe  de  rotation  est  vertical,  ce  qui  annule  l'effet  pulsatoire  de 
la  pesanteur  sur  les  mesures  en  rotation  et  done  les  vibrations  du  systeme. 

Oeux  motorisations  existent  aujourd'hui  sur  ce  montage  permettant  les  rotations  continues  en  & 
et  en  suivant  les  deux  sens  de  rotation. 

Plus  de  details  quant  aux  possibilites  cinematiques  du  montage  sont  foumis  dans  {12}.  En 
particulier,  cette  balance  rotative  peut,  gr9ce  au  paramdtre  A  ,  dissocier  les  coefficients  a£rodyna- 

miques  du  type  C  ou  C  de  ceux  du  type  C  •  ou  C  •  dans  le  domaine  des  petits  angles. 

3  mq  nr  met  n  p 


Me  a  urea  -  Traitement . 

La  chains  d'acquisi tion  associee  au  montage  dispose  de  30  voies  de  mesures  permettant  ainsi 
d’obtenir  des  informations  siraultan^es  de  la  pression  cin6tique,  des  diff6rentes  voies  balance  et  des 
diff6rents  parametres  cinematiques,  Chaque  information  est  codes  sur  12  bits  j  d'autre  part  l'6chantil- 
lonnage  des  signaux  peut  6tre  effectu6  jusqu’a  la  frequence  maximale  de  780  Hz.  Toutes  les  informations 
sont  stock6es  sur  bande  magn4tique  et  font  l'objet  d’un  traitement  differ^  {12}  qui  comporte  un  f litre 
num4rique  passe-bas  optionnel  pr4c4dant  un  second  4chantillonnage.  Cette  nouvelle  discretisation  reside 
dans  une  procedure  de  rnoyennes  a  l'interieur  de  fenStres  d4coup4es  sur  1’ angle  de  rotation  tjr  . 
L’analyse  spectrale  du  signal  periodique  est  obtenue  par  FFT  et  permet  ensuite  d'effectuer  dans  le 
domaine  frequentiel  la  rejection  des  raies  resultant  de  bruits  structuraux  ou  eiectriques,  celles-ci 
ayant  §t§  pr6alablement  identifies. 


Rteultata. 

Des  essais  en  rotation  continue  sur  avion  d'armes  ont  6t4  effectu6s  £  1 ' I . M. F .L ..  Quelques 
r4sultats  de  ces  essais  sont  pr6sent4s  planches  11  et  12,  Celles-ci  representent ,sur  une  pferiode  en  <j» , 
la  variation  des  coefficients  a6rodynamiques ,  de  1 ’incidence  et  du  d6rapage,  p,  q  et  r  etant  constants 
au  cours  d'un  essai. 

La  planche  11a  correspond  £  un  essai  a  X  =  0,  e’est-^-dire  avec  oc  et  p  constants , aux  corrections 
de  soufflerie  pr4s. 

L' analyse  des  r6sultats  de  ces  essais  (a  ft,  ^  nuls)  pour  diverses  valeurs  de  Q  dans  le 
domaine  des  angles  "normaux1’  d§bouche  sur  1 'identification  des  coefficients  d§riv6s  lies  b  p,  q,  r. 

Puis,  dans  un  second  temps,  le  basculement  du  montage  par  rapport  b  la  direction  du  vecteur 
vitesse  permet  d’effectuer  des  rotations  ou  incidences  et  d4rapages  varient  au  cours  d'un  tour.  Ce  type 
d'essai  introduit  done  la  contribution  des  variables  supplemental res  que  9ont  (X  et  p  .  Sur  la  planche  11b 
figure  le  r6sultat  d'un  essai  de  ce  type,  d  p,  q,  r  constants. 

Tant  qu' incidence  et  dSrapage  restent  dans  le  domaine  des  petits  angles,  le  module  liniaire 
classique  de  m6canique  du  vol  reste  valide,  et  de  tels  essais  perrnettent  alors  d* identifier  les 
coefficients  a6rodynamiques  116s  aux  d§riv6e9  oc  et  (S  , 

Puis,  sur  les  figures  12a  et  12b,  nous  avons  represents  deux  rSsultats  d'essais  sired lalVes 

(l'un  sans,  1' autre  avec  A  1  mais  dans  une  gamme  d'incidences  beaucoup  plus  61ev4e  (  OC  *  45°). 

moyen 

□n  peut  noter  alors  1 'apparition  d'oscil lations  sur  les  coefficients  de  moments  fsurtout  sur  le  C  ) , 
mdmB  pour  l’essai  b  o<  constant  et  p  nul,  Un  peu  plus  loin,nous  essayerons  de  donner  une  interpre¬ 
tation  de  ce  ph6nom£ne. 

Quant  b  l'essai  b  A«  20°,  ou  l'incidence  varie  entre  65°  et  25°  (fig. 12b),  alor9  que  le 
d£rapage  varie  entre  -20  et  20°,  on  voit  de  trks  fortes  variations  des  coefficients.  Cet  essai ,tr4s 
riche  en  in formations, 89 t  toutefois  tr£s  difficile  b  interpreter. 
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2.3  -  Essais  sur  maquettes  libres  en  labora.toi.re , 


Les  methodes  experimentales  sur  maquettes  libres  contribuent  de  fagon  determinants  et  fiable 
a  la  prediction  de  comportement  de  1 ‘avion  aux  grands  angles,  tout  particulierement  du  fait  d‘une  repre¬ 
sentation  globale  du  systeme  avion  et  des  evolutions  caracteristiques,  Elies  permettent  aussi  d'etablir 
des  correlations  directes  avec  1‘avion. 

Ces  methodes  sont  developpees  a  1 *1 .M.F. Lille  depuis  1965  et  sont  exploitees  dans  des  domaines 
varies  :  identification  de  parametres {ref .  13}  (stabilite  et  contrfile,  qualites  de  vol  aux  grands  angles, 

techniques  du  contrfile  actif,  ainsi  qu’a  1 'etude  du  comportement  en  turbulence  ou  pour  des  etudes 
d* impact  (atterrissage ) .  Le  domaine  d‘ applications  considere  ici  est  presente  planche  13. 

Les  aspects  specifiques  de  cette  methode  sont  rappel§s  planche  14.  Elle  b§neficie  notamment  des 
conditions  de  laboratoire  en  ce  qui  concerne  1 'environnement ,  et  de  possibilites  de  sol lici tations  variees 
introduites  aux  conditions  initiales  et  au  cours  du  vol  libre. 

La  methode  expfirimentale  est  simple.  Des  maquettes  non  propulsees,  en  siml.itude  dynamique, 
sont  mises  en  vol  libre  au  moyen  d'une  catapulte,  le  vol  libre  recouvrant  un  parcours  de  35  a  50  m  selon 
les  instal lations,  avant  recuperation  de  la  maquette. 

Les  principales  specifications  relatives  a  la  maquette,  a  son  instrumentation,  aux  entrees, 
aux  conditions  initiales  ainsi  qu*aux  equipements  sol  sont  presentees  planche  15. 

Cette  technique  en  constante  evolution  permet  1 'integration  dans  les  maquettes  de  capteurs  et 
d* actionneurs  de  hautes  performances  associes  a  des  systemes  de  telemetrie  et  de  telecontrfile  numeriques, 
ainsi  que  la  mise  en  oeuvre  de  microprocesseurs  embarques  pour  la  generation  de  lois  de  commanae  et  la 
creation  de  boucles  de  pilotage  internes.  Des  logiciels  specifiques  sont  developpes  pour  1 ’ acquisi tion 
et  la  generation  de  boucles  de  contrfile  en  temps  rfiel,  pour  1 ‘elaboration  des  variables  d'etats  et  la 
restitution  du  torseur  aerodynamique  a  partir  des  donnees  trajectographiques  et  dynamiques,  ainsi  que  pour 
1 ‘identification  de  parametres  (on  trouvera  ,  en  ref . JISj^plus  de  details  sur  ces  methodes). 

Deux  laboratoires  de  vol  libre  sont  exploites  a  l’l.M.F.L.  Line  vue  generale  de  ces  ins tallaticns 
est  presentee  planche  16  et  planche  17. 

La  premiere  d'entre  el les  est  utilisSe  pour  1 ’ identification  de  parametres,  coefficients 
stationnaires,  parametres  de  stability  dynamique  ou  efficacite  de  gouvemes  a  partir  de  vols  libres.  Des 
fitudes  de  qualites  de  vol  y  sont  realises  :  vol  aux  grands  angles,  stabilite  et  manoeuvrabi lite,  etudes 
de  gouverncs  nouvelles,  technologie  du  contrfile  actif.  Elle  est  par  ailleurs  equipee  de  g^nerateurs  de 
rafales  et  d’une  table  d’impact,  pour  des  etudes  de  vol  en  turbulence  et  d‘ atterrissage . 

La  seconde  installation  est  specifiquement  destinfie  aux  etudes  de  d6crochage,  perte  de  contrfile, 
vrille  debutante,  prevention  de  perte  de  contrfile  ou  de  vrille.  Cette  installation,  en  cours  de  develop- 
pement,  sera  operationnelle  courant  1962.  Des  essais  de  vrille  debutante  viennent  d'y  fitre  realises  et  les 
premiers  r^sultats  obtenus  sont  particulierement  demons tratifs. 

Nous  illustrons  les  possibilites  de  ces  methodes  experimentales  par  un  exemple  simple  presents 
planche  10.  Les  r§sultats  se  rapportent  a  des  essais  d’efficacit6  d’une  commande  automatique  de  stabi¬ 
lisation  de  facteur  de  charge  normal  avec  ou  sans  superposition  d’ordre  pilote.  L'ordre  pilote  est  ici  un 
double  crfineau  a  la  direction  superpose  a  la  commande  automatique.  De  tels  essais  sont  r£alis§s  en 
param^trant  notamment  les  conditions  initiales  :  incidence,  d§rapage,  en  installant  des  conditions  dyna¬ 
miques  au  largage  (p,  q,  r,An  ...1  etc.  Ils  contribuent  h  1 ‘ouverture  d’un  domaine  de  vol,  a  l'examen 
de  la  manoeuvrabili t6  en  liaision  avec  la  simulation. 


2.4  -  Lee  essais  sur  maquettes  libres  en  soufflerie  verticale. 


2.4.1  -  Essais  olassiquee. 


Les  essais  de  vrille  libre  ont  commence  a  1'I.M.F.L  il  y  a  plus  de  3D  ans  et,£  ce  Jour,  pr&s 
de  200  maquettes  d’avions  de  tous  types  (armes,  transport,  lagers)  ont  essayfies,  et  les  norrtoreuses 
correlations  des  vrilles  maquette  et  avion  ont  montre  l'utilite  de  ces  essais  en  soufflerie  verticale. 

La  soufflerie  verticale  permet,  en  premier  lieu,  d'etudier  la  vrille  stabilises  et  la  recu¬ 
peration  h  partir  de  cette  vrille  ;  dans  certains  cas.il  est  egalement  possible  d’obtenir  des  rensei- 
gnemBnts  sur  1 ’ etablissement  de  la  vrille.  Cependant,  il  est  bien  evident  que  la  soufflerie  verticale 
ne  peut  pas  couvrir  la  phase  d’entree  en  vrille,  Celle-ci  sera  analysee  par  des  methodes  de  vol  libre 
en  laboratoire  ou  par  maquettes  atmospheriques  teiepilotees  (M.A.T,), 

La  soufflerie  verticale  presente  l'avantage  de  pouvoir  etudier  avec  le  meilleur  rappcrt 
ef ficaci te/cout  1 ‘influence  de  tout  parametre  sur  la  vrille  et  la  sortie  de  vrille  d'un  avion  : 

-  Parametres  massiques  :  masse,  centrage,  inerties,  chargement  dissym6trique,  altitude 

-  Parametres  geom6triques  :  volets,  bees,  aerofreins,  train  d’ atterrissage  ... 

-  Parametres  massiques  et  g§om§triques  :  charges  extemes. 
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De  plus,  lors  de  I'Stude  de  1' avion  b  l'6tat  de  projet  (alors  que  sa  geometric  n'est  pas  encore 
totalement  fig6e),  il  est  facile  de  prevoir  sur  la  maquette  des  6l§ments  amovibles  permettant  de  repr6- 
senter  plusieurs  g§om6tries  du  projet. 

Par  ailleurs,  la  soufflerie  verticale  permet  de  d§finir  les  caract^ristiques  d'un  moyen  de 
secours  (parachute,  fus6e,  aretes)  approprie  au  type  de  probleme  £ventuel lemen t  rencontre. 

Enfin,  comme  nous  le  verrons  ul tirieurement,  certaines  maquettes  de  vrille  ( suffisamment 
dimensionnees )  sont  instrument£es  afin  de  definlr  avec  precision  les  caracteristiques  cinematiques  de 
la  vrille  (planch  23' 

En  dehors  des  6tudes  propres  aux  aviors  axistants  ou  en  projet,  des  etudes  a  caractere  general 
sont  entreprises  :  etudes  param£triques  faites  jur  des  maquettes  demontables  et  permettant  de  representer 
de  nombreuses  et  diverses  geometries  de  la  voilure  et/ou  du  fuselage  et/ou  des  empennages.  A  ce  sujet, 
citons  une  etude  r£cent8  relative  a  la  vrille  'les  avions  d'armes  actuels.  Ces  avions  sont  caracteri^es , 
entre  autres,  par  un  avant  de  fuselage  tres  long,  generateur  de  fortes  asym£tries  d'6coulenent  aux  grands 
angles,  susceptibles  notamment  de  cr£er  des  difficultes  de  recuperation  de  vrille.  C’est  le  probleme  dit 
de  "longs  nez"  dont  l'importance  est  mise  en  evidence,  ne  serai t-ce  que  par  l’abondance  des  travaux 
effeciuds  sur  le  sujet. 

Nous  nous  proposons  lei  de  decrire  comment  s'est  pre'.ente  1  ’  un  des  problemes  lies  aux  "longs 
nez"  lors  des  essais  dans  la  soufflerie  verticale  de  1‘1/i.r.L. 

Au  cours  d'une  etude  b  caractere  general,  nous  avons  represents  sur  une  maquette  d’avlons 
d'arroes  des  nez  de  formes  diverses  et  parfois  mgme  non  realistes  (planche  19), 

A  la  suite  des  rSsultats  de  cette  campagne  d'essais,  nous  avons  pu  classer  les  nez  en  3  groupes 
(planche  20)  : 

-  nez  dits  "Dons” 

-  nez  dits  "moyens" 

-  nez  dits  "mauvais" . 

F’rfccisons  maintenai.t  ce  que  nous  entendons  par  nez  bon  et  nez  mauvais  :  un  nez  est  dit  "bon”  si, 
pour  une  ce i  *■  aine  geometrie  de  la  maquette,  b  partir  d'une  vvilie  stationnaire,  en  amenant  les  gouvernes 
tour  la  recuperation,  cette  derniere  est  obtenue  systematiquement.  Par  centre,  avec  un  nez  mauvais,  la 
rv: jperation  peut  ne  pas  @tre  obtenue  :  nous  observons  alors  une  vrille  tres  lente,  souvent  oscillatoi  2, 
qui  oeut  se  matntenir  longtemps,  b  la  limits  se  perpetuer. 

II  faut  prSciser  qu'avec  un  "nez  mauvais"  le  probleme  de  sortie  n'apparatt  pas  systematiquement. 
r'->  debut  d'Stude,  devolution  de  la  vrille  vers  une  franche  sortie  ou  vers  une  vrille  maintenue  ncus  a  paru 
^leatoire  j  mais, par  la  suite,  nous  nous  sommes  apenjus  que  le  caractere  du  phenoraene  final  dependait 
jHirjuement  de  la  geometrie  de  l'extrfime  pointe  du  nez.  Ainsi,  une  faible  imperfection  de  cette  pointe 
pouvait  conq^tionner  le  phSnomdne  et  il  suffisait  de  dSplacer  (par  rotation  du  nez  autaur  de  son  axe)  cette 
imperfection  pour  transformer  une  franche  recuperation  en  refus  de  sortie,  et  inversement.  Par  centre, 
pour  un  n"  ait  bon,  sa  rotation  n'a  aucune  influence  sur  la  sortie. 

De  mSme,  dan3  la  suite  des  essais,  il  nous  suffisait  de  placer  une  petite  singularity  sur  la  pointe 
du  nez,  au  bon  endroit,  pour  obtenir  systematiquement  une  bonne  sortie,  ou  au  mauvais  endroit  pour 
obtenir  systematiquement  une  sortie  douteuse. 

PrScisons  que  ce  dernier  rSsultat  peut  Str@  obtenu  mSme  avec  les  gouvernes  a  fond  pour  la  sortie  t 
ainsi  l’effet  des  gouvernes  devient  secondaire  en  regard  de  celui  de  la  petite  deformation  du  nez. 

Une  autre  remarque  est  Sgalement  b  signaler  :  a  priori  nous  aurions  ou  envisager  que  plus  le  nez 
est  long,  plus  le  probleme  de  sortie  serait  marquS.  Cela  n'est  absolunent  pas  le  cas  (planche  20). 

En  soufflerie,  nous  avons  pu  rSduire  l'importance  du  probleme  "long  nez",  voire  m@me  le 
supprimer  par  divers  moyens  dont  le  plus  sOr  semble  6tre  des  virures  (planche  21). 

La  question  qui  se  posait  alors  Stait  de  savoir  si  le  probleme  long  nez  trouvS  en  soufflerie 
pouvait  apparaltre  Sgalement  sur  1 'avion.  AprSs  analyse  de  documents  relatifs  b  diverses  campagnes  d'essais 
en  vol  et  b  certains  incidents  ou  accidents  de  vrille,  il  est  apparu  que  le  probleme  pouvait  fitre 
rencontrS  sur  avion  j  nous  avons  pour  exemple  des  enregistrements  de  vrHie  que  nous  prSsentons  (planche  22): 

Dans  le  ler  cas  de  vrille  (vrille  trSs  agit^e  mais  b  agitations  organises),  les  gouvernes  sont 
recentrSes  pour  obtenir  la  sortie  j  cette  dernidre  est  obtenue  mais  trSs  tardivement  :  e'est  un  exemple 
de  sortie  douteuse  du  type  de  celle  trouvSe  en  soufflerie,  mais  rappelons  qu.  les  gouvernes  ne  sont  que 
recentrSes. 


Dans  le  2£me  cas,  le  gauchissement  (gouverne  en  principe  prSpondSrante  sur  cet  avion)  est 
arranS  b  fond  pour  la  sortie,  Cette  manoeuvre  n'a  pa9  d* influence  sur  la  sortie  qui  reste  trSs  longue  : 
corrme  en  soufflerie,  l'effet  des  gouvernes  devient  secondaire, 

Dans  le  3Sfne  cas,  1* avion  est  6quip6  de  virures.  La  vrille  est  nettement  moins  agit6e  et  la 
dur6e  de  sortie  est  divis§e  par  deux.  Cofrme  en  soufflerie,  les  virures  ont  un  effet  favorable  vis-a-vis 
de  la  r6cup6ration , 
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P.4.2  -  Instrumentation  dee  maquettes  de  vrille  litre. 


Jusqu'a  une  epoque  r^cente,  les  essais  de  vrille  libre  en  soufflerie  se  faisaient  a  l’aide  de 
maquettes  dynamiquemen t  semblables  £  l'avlon  (masse,  inerties,  altitude)  dont  les  gouvemes  pouvaient 
6tre  radio-teiecommandees,  d*aocr^  oar  tout  ou  rien,  puis  par  cormande  proportionnelle .  Les  caracteris- 
tiques  principales  des  phenom^nes  etaient  relevees  £  vue,  avec  recours  §ventuel  a  des  d§pouillements  de 
film  pris  b  cadence  acceleree  pour  analyser  plus  finement,  en  differe,  certaines  evolutions  tres  rapides 
et/ou  complexes,  Cependant,  les  valeurs  retenues  ne  portaient  uniquement  que  sur  les  parametres  fonda- 
mentaux  de  description  geomotrique  et  cin6matique  de  la  vrille,  b  savoir  : 

-  vitesse  angulaire  &  et  lin^aire  V 

-  attitudes  Q  et 

-  rayon  de  vrille  R,  et  6ventuellement  le  cap  relatif  associe  (planche  10). 

Notons  que,  pour  des  essais  classiques,  cette  procedure  reste  actuelle. 

Cependant,  nous  verrons  plus  loin,  que,  pour  ues  etudes  generales,  ou  pour  des  recoupements 
avion-maquette  j.  us  complets  (notamment  pour  les  vrilles  agitees),  ou  encore  pour  les  besoins  de 
"la  visualisation  de  la  vrille  "  au  pilote  sur  simulateur  ou  console  graphique,  il  est  apparu  indispen¬ 
sable  d' instrumenter  la  maquette  de  fa<;on  plus  complete. 

L' instrumentation  des  maquettes  de  vrille  devient  possible  avec  l'incessante  miniaturisation 
de  capteurs  embarquables  performants  et  de  leur  electronique  associee,  moyennant  -  dans  un  premier  temps  - 
une  adaptation  de  la  taille  des  maquettes  (  +  30  soit  au  total  pres  d’un  metre  pour  la  longueur  du 
fuselage),  ainsi  que  de  leur  type  de  construction  ( thermo- forma ge,  fibres  de  verre,  de  carbone,  Kevlar) 
afind'accroltre  au  maximum  les  capacit§s  d'emport  du  fuselage  qui  se  trouve  ainsi  creux  et  tres  leger  taut 
en  gardant  un  maximum  de  solidity  pour  subir  au  mieux  les  essais. 

Ainsi,  des  maquettes  d’ avions  d’armes  r^cents  et  m6me  des  maquettes  d' avions  legers  ont  pu  5tre 
equipees  en  partie  des  installations  suivantes  : 

-  recopies  de  gouvemes 

-  acc61erometres 

-  gyrometres  (3) 

-  asservissements  de  gouvemes  a  des  gyrometres 

-  asservissements  de  dispositifs  de  secours  a  des  acceierometres  et  gyrometres 

-  motorisation  (couple  gyroscopique ,  et  6ventuel lemen t  -  pour  les  avions  legers  a  helice  - 
effets  separes  de  la  traction,  couple  de  renversement,  sans  oublier  l'effet  global) 

-  soufflage  de  l'extrados  de  la  voilure,  etc  ... 

Un  exemple  de  rfisultats  est  donne  planche  23. 

Par  ailleurs,au  trovers  du  concept  CAG,  la  resistance  de  1’ avion  au  depart  en  vrille  est  l'objet 
d'une  attention  speciale.  II  est  done  hautement  souhai table  de  pouvoir  instrumenter  les  maquettes  de 
vrille  de  fagon  la  plus  complete  possible.  Ces  maquettes  seraient  utilisables  a  la  fois  en  soufflerie 
verticale  et  dans  le  laboratoire  de  vrille  debutante  d6ja  decrit.  Les  essais  actuellement  realises 
permettent  d’augurer  d'une  telle  faisabilite. 


2.5  -  Essais  sur  maquettes  litres  atmosph6riques  til&pilotdes . 


Une  nouvelle  technique  complementaire  pour  1 'etude  de  la  vrille  des  avions  legers,  d6velopp6e 
a  1’I.M.F.L.,  est  rapidement  mentionn6e  dans  cette  communication. 

Elle  utilise  comme  support  d’exp6rience  des  maquettes  atmosphSriques  teiepilotees  (MAT).  La 
maquette  pour  ces  essais  est  en  similitude  de  Froude,  £  l'€chelle  d'environ  1/5, motorisee  et  instrument^e, 
la  masse  variant  de  5  b  6  Kg  suivant  1 '6quipemen t. 

Pour  la  premiere  campagne  d'essais,  l’objectif  de  base  a  et6  d’6valuer  la  validity  de  ce  moyen 
d’essai.  Pour  cela,  nous  avons  mene  paralieiement,  sur  une  mSme  maquette,  des  essais  de  vrille  en  soufflerie 
verticale  et  des  vols  atmosph§riques  tei6pilotes.  Une  bonne  correlation  entre  ces  deux  moyens  d'essais  a 
pu  §tre  mise  en  evidence  : 

-  demonstration  de  modes  de  vrille  diff6rents  selon  le  sens  de  rotation 

-  effet  de  la  presence  d’arfites  ventrales  sur  ces  deux  modes, 

Les  MAT  se  presentent  comme  un  moyen  d'essais  offrant  la  possibilite  d'etude  du  phenomena  global  : 
perte  de  contrflle,  vrille,  recuperation,  e  des  Reynolds  plus  favorables  vis-e-vis  de  la  perte  de  contrfile 
avec  prise  en  compte  de  la  motorisation. 


3  -  AUTRES  METHODES  Dr ETUDES.  - 

3.1  -  Figuration  animie  des  mouvemente  aux  grands  angles . 

Au  cours  des  essais  en  vol,  lors  des  premiers  tours  de  vrillo,  surtout  pour  un  avion  dense,  la 
trajectoire  n'est  pas  verticale  et  1 'evolution  des  valeurs  des  assiettes  ne  resremble  en  rien  b  celle 
observ6e  en  soufflerie  lors  de  phenomenes  iden tiques. 
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Les  planches  24  et  25  mettent  en  evidence  ±a  ''ver;ence  de  rEsultats  sur  les  attitudes  pour  des 
mouvements  absolument  identiques  mais  dEcrits  autour  de  trajec toires  diffErentes.  Les  essais  grandeur  et 
ceux  de  soufflerie  ne  sont  done  gEnEralement  pas  directement  comparables,  du  moins  en  ce  qui  concerne  les 
parametres  geometriques  de  description  de  la  vrille  identifies  en  soufflerie  et  les  mEmes  pergus  par  le 
pilcte. 


A  ce  propos,  E  partir  des  enregis trements  effectuEs  en  vol  lors  de  la  campagne  d’essais  de  vrille 
d'un  avion  d’armes,  un  logiciel  a  EtE  mis  au  point,  permettant  la  representation  des  Evolutions  de 
l'avion,  au  cours  de  l'essai,  telles  qu'elles  sont  observEes  en  soufflerie  verticale  (vrille  avion 
vrille  soufflerie).  Autrement  dit,  1 ’original! te  de  cette  animation  Electronique  (sur  console  graphique) 
reside  dans  le  fait  que  la  description  des  mouvements  de  l'avion  a  lieu  dans  un  repere  liE  a  la  trajec- 
toire  moyenne  (l'axe  de  1'hElicoIde  de  la  vrille),  qui  correspond  alors  E  1 ' axe  de  la  soufflerie 
verticale . 


II  y  a  done  similitude  des  parametres  geometriques  de  description  de  la  vrille. 

O' autre  part,  une  mEthode  de  figuration  permet  de  representer  aux  pilotes,  a  partir  des  enre- 
gistrements  de  soufflerie  (parametres  cinematiques) ,  une  visualisation  directe  de  leur  horizon  et/ou 
d' instruments  de  bord  (boule  pilote  entre  autres)  (vrille  soufflerie  -•*  vrille  avion).  Cette  "visua¬ 
lisation  pilote”  contribue  de  fapon  avantageuse  E  la  formation  des  pilotes  par  la  reconnaissance  des 
differents  mouvements  de  la  vrille  envisageables  sur  l'avion  considErE,  et  ce  apres  transposition  du 
mouvement  autour  d'une  trajectoire  tendue,  comme  e’est  le  cas  pour  l’avion. 

TrEs  dEmonstrati ves,  ces  methodes  d' animation  peuvent  contribuer  a  : 

-  faciliter  la  comnaraison  des  resultats  avion  et  maquette 

-  demontrer  rapidement  la  validite  d'une  modelisation  mathematique  de  la  vrille 

-  avertir  le  pilote  d’essais  du  genre  de  phEnomenes  qu'il  rencontrera  sur  son  avion 

-  former  les  pilotes  et  leur  permettre  de  reconnaltre  les  divers  mouvements  ice  qui  n'est 
souvent  pas  Evident!  afin  d’appliquer  la  consigne  adEquate, 

L’intErEt  prdagogique  de  la  figuration  animEe  de  la  vrille  n’est  plus  a  dEmontrer,  surtout 
pnur  les  phEnomenes  tres  agites  et,  de  surcroit,  lorsque  1 'entraf nement  vclontaire  sur  avion  est 
interdit. 


3.  2  -  Ccmparaiaons  vol  8-souffle  He  de  vHlle , 

La  transposition  des  resultats  de  soufflerie  et  leur  validation,  la  prise  en  compte  de  l'opinion 
du  "pilote'’  rendent  indispensable  un  rebouclage  des  informations  entre  la  soufflerie  et  les  vols  avant 
les  essais  grandeur,  et  entre  les  vols  et  la  soufflerie  apres  ces  mEmes  essais.  En  particulier,  avant  les 
vols,  les  discussions  EchangEes  entre  souffleurs  et  pilotes  presentent  deux  interSts  majeurs  : 

-  illustration  aux  pilotes  des  phenomEnes  attendus. 

-  optimisation  des  consignes  avec  prise  en  compte  de  la  charge  du  pilote  et  de  sa  propre 
expErience . 

Apres  les  essais  grandeur,  la  comparaison  vols-souff lerie  est  sys tEmatiquement  envisagEe.  Pour 
Stre  valable,  elle  ne  peut  s’appuyer  que  sur  les  enregistr ements  des  parametres  dynamiques  et  des 
gouvernes.  Afin  de  s’affranchir  de  la  pents  de  la  trajectoire  rEelle,  les  enregis trements  sont  alors 
traitEs  afin  de  procEder  notamment  E  la  figuration  animEe  vols  -♦  soufflerie  exposEe  prEcEdemment . 
Celle-ci  s’avEre  parfois  indispensable  comme  on  peut  le  constater  en  se  reportant  E  la  planche  26.  Sur 
cette  planche ,figurent  les  simulations  de  4  vrilles  agitEes  dif fEremment: 

La  premiEre  est  agitEe  seulement  selon  "l’angle  de  gite”  <|>  •  celui  observE  autour  d’une 
trajectoire  verticale  ou  redressEe  verticalement  :  les  composantes  p  et  q  sont  agitEes. 

La  deuxiEme  vrille  est  agitEe  seulement  selon  "I’assiette  longi tudinale"  0  :  les  trois 
composantes  p,  q  et  r  sont  cette  fois  oscillEes. 

Or,  les  trois  composantes  de  sont  Egalement  agitEes  si  la  vrille  est  agitEe  E  la  fois  en  9 
et  $  et,  de  plus,  les  phases  sont  les  mfimes  que  prEcEdemment .  La  seule  diffErence  "visible"  est  dans 
l’amplitude  balayEe  par  p  :  plus  forts  maintenant  que  dans  le  deuxiEme  cas, 

Le  quatriEme  example  montre  qu’un  dEphasage  affectant  une  des  deux  voies  9  ou  $  peut 
affecter  l’amplitude  des  trois  voies  de  mesure  en  lais9ant  9upposer  une  vrille  E  agitations  sur  0 
et  <J>  plus  ou  moins  fortes,  alors  qu'elles  sont  inchangEes, 

Dans  de  tels  cas,  la  figuration  animEe  (vols  -♦soufflerie)  de  la  vrille  rend  de  prEcieux 

services . 


Parmi  d' autres  traitements  des  Informations  grandeur,  citons  la  restitution  des  coefficients 
aEro dynamiques  et  leurs  recoupement9  avec  les  rEsultats  de  la  balance  rotative,  pour  des  mSmes 
conditions  d’essais. 

La  comparaison  vols/souff lerie,  qui  est  effectuEe  cheque  fois  que  possible,  a  fait  que  la 
mEthode  d'essais  a  EvoluE  sans  cesse  et  que  1 ' interprEtation  des  rEsultats  et  les  conclusions  ont 
ainsi  EtE  amEliorEes. 


16-9 


Quant  aux  dventuels  "hearts"  entre  la  soufflerie  et  les  vols,  ils  sont  de  deux  sens  : 

-  en  ce  qui  cor  ceme  les  avions  lagers,  la  soufflerie  est  parfois  optimiste,  e'est-^-dire  qu'un 
resultat  trouv6  marginal  en  soufflerie  peut  se  d6t£riorer  et  devenir  mauvais  en  grandeur  t 

-  en  ce  qui  concerne  les  avions  d'armes,  la  soufflerie  est  parfois  pessimiste,  e'est-a-dire  que 
des  mauvais  resultats  trouv£s  en  soufflerie  peuvent  ne  pas  §tre  retrouv^s  lors  des  essais  en  vol  (planche  4). 

Par  contre,  et  en  ce  qui  concerne  tous  les  avions,  les  resultats  trouves  francs  en  soufflerie 
[franchement  mauvais  ou  franchement  bons),  restent  francs  en  grandeur.  Aussi,  lorsque  l'on  etudie  toute 
modification  geometrique  de  la  maquette  ou  un  dispositif  de  secours,  s ' arrange -t -on  pour  obtenir  alors  des 
resultats  francs  pour  assurer  la  mg me  efficacite  en  grandeur. 


7.7  -  Etude  statistique  -  correlation  avions  vrilles. 


La  banque  de  donnees  et  1'experience  que  possede  l'l.M.F.L.  depuis  plus  de  3D  ans  avec  l’etube 
de  pres  de  2DD  maquettes  d’avions  de  tous  types  lui  a  permis  d'envisager  une  etude  de  correlation  entre 
les  caracteristiques  des  aerodynes  et  celles  de  leurs  vrilles.  Cette  etude  a  pour  but  principal  d’orienter 
les  avionneurs  vers  des  formules  de  geometries  saines  avec  la  meilleure  probability  possible  ;  elle  n'a 
pas  la  pretention  de  predire  les  caracteristiques  de  la  vrille  au  vu  de  la  geometrie.  par  ail leurs,  il  est 
evident  que  plus  la  population  sera  grande,  plus  il  en  sortira  de  renseignemen ts  j  aussi,  il  serait 
souhai table  d'y  ajouter  toutes  les  donnees  compiementaires  provenant  de  l'Etranger  sur  ce  sujet. 

La  population  d' avions  a  §te  divisee  en  trois  grandes  categories  afin  de  regrouper  eventue llement 
des  geometries  ayant  un  caractere  commun  dans  leur  allure  generale  : 

-  avions  legers  :  At  %  actuellement 

-  avions  de  transport  :  “3  % 

-  avions  d'armes  :  46  “• 

Pour  1 'instant,  uns  quarantaine  de  parametres  geometriques  et  massiques  ont  ete  utilises  pour 
representer  au  mieux  les  caracteristiques  de  tous  les  avions  (masse,  inerties,  surfaces,  bras  de  levier 
de  surfaces,  positions  relatives,  singular! tes,  . ..).  Bien  entendu,  toutes  ces  grandeurs  sont  ramenees 
sans  dimension, 

Huit  parametres  geometriques  et  cinematiques  de  description  de  la  vrille  ont  ete  pris  en  conside¬ 
ration  (assiettes  longi tudinale  et  transversale ,  vitesses  de  rotation  et  de  chute,  rayon  de  vrille, 
intensite  des  agitations,  leur  type  et  leur  mode).  Pour  la  plupart  d'entre  eux,  ces  parametres  ont  ete 
estim^s  en  vrille  libre  b  la  soufflerie  verticals  et  ont  ete  decomposes  en  classes  de  modalites  ordonn6es, 

Dans  son  ensemble,  la  base  de  donnees  peut  6tre  sondee  pour  determiner  des  families  de  depart. 

Par  exemple,  peut  §tre  recherche  le  sous-ensemble  des  avions  d’armes  a  forte  fleche  qui  ont  une  vrille 
plate  et  rapide,  et  l'etude  de  correlation  est  menee  sur  cette  famille. 

Dans  un  premier  temps,  des  correlations  simples  et  intuitives  entre  les  caracteristiques  de  la 
vrille  ont  §te  recherchees.  Par  exemple,  la  correlation  entre  une  vrille  b  la  fois  plate  et  rapide  a  ete 
verifi6e.  Ceci  permettrait  de  reduira  sous  certaines  conditions,  par  une  premiere  analyse  multidimension- 
nelle  des  variables  de  vrille,  le  nombre  de  variables  independantes .  Ces  premieres  correlations  n'6taient 
pas  le  but  recherche  initialement,  mais  en  observant  la  planche  27,  montrant  une  matrice  de  correlation 
simple  entre  les  caracteristiques  de  vrille,  on  comprendra  facilement  que  1 'interpretation  des  resultats 
futurs  necessitera  une  analyse  approfondie.  Cette  planche  nous  indique  en  effet  deux  correlations  vraiment 
bonnes  (tous  avions)  et  b  priori  6videntes  : 

0  et  :  plus  l’attitude  est  piqu^e,  plus  la  Vitesse  de  chute  crolt  i 

et  R  :  plus  la  rotation  est  rapide,  plus  la  vrille  est  centr6e. 

La  correlation  est  dejd  plus  faible  sur  W  st  :  plus  la  rotation  est  rapide,  plus  la  vrille 
est  calme,  mais  il  y  a  aussi  beaucoup  de  vrilles  lentes  qui  sont  calmes.  MSme  chose  pour  0  et  $  ^  :  la 
correlation  serait  ici  meilleure  si  l’on  prenait  en  compte  le  gauchissement. 

Dans  un  second  temps,  des  correlations  sur  trois  parametres  ont  ete  calcuiees,  Elies  englobent 
la  correlation  simple,  en  etant  plus  fines  et  plus  detailiees. 

Faisant  suite  £  ces  premieres  etapes,  une  analyse  multidimensionnelle  sera  effectu6e  sur 
1 'ensemble  des  caracteristiques  avions.  La  methods  b  priori  la  plus  apte  b  traiter  des  donnees  e  la^fois 
quail tatives  et  quan ti tatives  est  une  methods  dite  de  segmentation  :  elle  realise,  sur  la  famille  de 
depart,  une  partition  par  dichotomies  successives,  en  sous-farnil les  le  plus  distinctes  possible,  tout  en 
6tant  le  plus  homogenes  possible  vis-e-vis  des  caracteristiques  de  la  vrille.  Apparermnent,  cette  methode 
se  prete  assez  bien  b  1 ' interpretation  des  r6sultats.  Par  exemple,  reprenons  la  planche  27  et  exarainons 
la  correlation  0  -ft  .  Celle-ci  est  relative  e  l'ensemble  des  avions  et  au  domains  de  G  compris  entre 
-90°  et  0°. 
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La  correlation  faible  observes  peut  vouloir  dire  deux  chases  : 

-  soit  que  ft  est  absolument  independent  de  © 

-  soit  que  la  courbe  ft  ■  f(  0  )  presents  une  sym6trie. 
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Si  maintenant  nous  subdivisons  I'axe  ©  en  differentes  tranches,  et  due  pour  chacune  d'entre 
elles  nous  calculons  la  correlation  Q  -  0  ,  nous  allons  obtenir  : 

-  soit  b  nouveau  une  valeur  tres  faible  pour  toutes  les  tranches  0  ,  ce  qui  prouverait  que  Q 
est  effectivement  independant  de  0  (chose  improbable) 

-  soit  des  correlations  bsaucoup  plus  fortes,  ce  qui  montre  bien  que  la  courbe  X2  (  0 )  est 
sym6trique  (en  1 'occurrence  par  rapport  £  0  ■  -45°), 


Nous  voyons  done,  par  un  exemple  simple  a  la  planche  27,  que  les  correlations  tres  faibles 
peuvent  3tre  d’un  interfit  aussi  grand  que  les  correlations  trds  fortes  ;  il  suffit  pour  s'en  convaincre 
de  pratiquer  la  m6thode  de  segmentation. 


D'autres  methodes  d' analyse  peuvent  §tre  envisagees  pour  l'£tude  statistique  de  la  vrille, 
par  exemple  celle  dite  canonique.  Cette  m6thode  recherche,  £  partir  des  deux  ensembles  de  caract^ris tiques 
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avions  (xJ)  et  vrilles  (y  ),  les  deux  variables  a  et  b  respectivement  combinaisons  lin^aires  des  xJ  et 
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y  et  tel  les  que  le  carr£  de  la  correlation  entre  a  et  b  soit  maximum.  De  m6me,  sont  recherch6es 

a  et  b  b  carr6  de  correlation  maximum,  mats  tel les  que  a^  et  a^,  ainsi  que  et  b^,  soient  non 
corr616es.  Cette  m6thode  presents  n£anmoins  1 'inconvenient  de  mal  se  pr@ter  aux  variables  qualitatives. 


En  r6sum6,  les  divers  objectifs  des  etudes  de  correlation  sont  ; 

-  effectuer  d’abord  une  synthase  de  ce  que  poss^de  1’I.M.F.L.  en  vue  de  verifier  la  validite 
d'un  certain  nombre  de  crit^res  generaleraent  admis  pour  classer  les  vrilles  en  fonction  des  geometries 
et/ou  inerties  des  avions  (T.D.P.F.,  ,..)  j 


-  chercher  de  nombreux  criteres  permettant  une  meilleure  estimation  des  caract&res  de  la  vrille 
avec  une  probabilite  suffisamment  grande  ; 

-  foumir  b  l'avionneur  des  indications  sur  les  choix  &  porter  au  moment  du  projet  de  son  avion  t 

-  degager  les  tendances  en  vrille  b  priori  principales  d'un  avion  nouveau  b  geometrie  et 
inerties  donn§es  j 


-  constituer  un  support  a  une  modelisation  ulterieure  en  indiquant  ce  sur  quoi  il  est  important 
d' insister. 


3.4  -  A^rodynanrique  et  modelisation, 

Mod£lisation . 

La  determination  des  qualites  de  vol,  des  performances,  des  evolutions  d’un  avion  de  combat 
necessite,  dans  la  resolution  des  Equations  d’6quilibre,  la  connaissance  la  plus  exacte  possible  des 
efforts  aerodynamiques  exerc^s  sur  l1 avion.  Or,  l’ensemble  des  rooyens  d'essais  dont  dispose  1'I.M.F.L. 
contribue  justement  a  determiner  ces  efforts  dans  un  large  domaine  de  vol.  Des  campagnes  d'essais  sont 
realises  et  permettent  la  constitution  d'une  banque  de  donn§es  ou  figurent  lss  valeurs  des  diverses 
composantes  du  torseur  a6rodynamique  en  fonction  de  celles  du  vecteur  d'etat,  e'est-d-dire  gen6ralement 
(X  .  p  .  p,  q,  r,  . .  . 


Ici  apparait  le  problem©  de  la  i.  ~*d&lisation,  notamroent  dans  le  domaine  des  grands  angles. 

Le  module  lineaire  tres  largement  applique  pour  les  petites  incidences  n’est  alors  pas  satisfaisant . 
Quelques  resultats  exp6rimentaux  realises  b  1'I.M.F.L.  en  statique  sur  avions  d'arraes  sont  pr6sent6s 
planche  2B.  La  figure  28a  nous  T-ntre  1 'apparition, avec  1 'incidence, d’ un  fort  coefficient  de  lacet 
presentant  lui-mfime  de  fortes  c.  :ontinuites  et  donnant  lieu.  d6j£  au  niveau  de  la  modelisation  du  torseur 
statique,  b  la  d£couverte  de  s6rieux  probl&mes... 

Plusieurs  methodes  de  modelisation  pourraient  essayer  de  prendre  en  corapte  de  tels  phenom^nes  i 
1'une  d’entre  elles  consisterai partir  d'un  ensemble  de  resultats  exp6rimentaux,  de  representer 
1 'evolution  d’un  coefficient  aerodynamique  en  fonction  de  toutes  les  variables  d’etat.  Ceci  revient  alors 
b  determiner  1' equation  d'un  hyperplan  dans  un  espace  de  dimensions  n+1  ou  n  est  le  nombre  total 
de  variables  dans  le  module.  Cependant,  ce  genre  de  m6thode  pr6sente  n6anrooins  deux  inconv6nients 
principaux  :  d'une  part,  elle  necessite,  pour  8tre  exploitable,  un  nonbre  d'essais  tr£s  important  i 
d' autre  part,  comme  elle  ne  fait  pas  intervenir  la  comprehension  des  ph&nomdnes,  touts  extrapolation 
effectuee  en  dehors  du  domaine  lnvestlgue  lors  des  essals  semble  hasardeuse. 

De  plus#  si  l'on  observe  plus  pr6cisement  cette  mfiroe  planche  (28a),  on  reroarquera  que  la 
denslte  de  points  me9ures  est  nettement  plus  lmportante  au  volsinage  des  maxima  et  des  minima  que  dans 
les  phases  interm§diaires.  Ceci  semble  accreditor  1 ' hypothfese  de  1 'existence  d‘6tats  d*6quilibre 
stables  pour  l’6coulement  autour  de  la  maquette. 

Cette  remarque  debouche  alor9  sur  une  seconds  id6e  de  modelisation  qui  consisterait  b 
considerer  1* incidence  et  le  d6rapage  comme  etant  les  param£tres  fondaraentaux  du  module,  ceux  qui  fixent 
l’etat  d'equilibre  de  1 '6coulement .  les  autres  param&tres  comme  p,  q  et  r  n 'intervenant  que  comme  des 
facteurs  de  variation  autour  de  cet  etat  d'6quilibre.  On  peut  voir  d'ailleurs  que  les  variations  du  C 
□btenues  S  a  »  45°  et  p  »  0°  (planche  12a)  peuvent  s'expliquer  simplement  b  la  vue  du  r6sultat  de  n 
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l'essai  statique  (20a)  qui  comports  une  forte  discontinuity  vers  45°.  Ceci  souligne  done  1 'importance 
d'effectuer  aux  grands  angles  des  essais  statiques  ou  1 1  exploration  en  incidence  est  effectuee  avec  un 
pas  trds  fin.  L'essentiel  des  campagnes  d'essais  consisterait  alors  ci  effectuer  une  s£rie  d’essais 
statiques  de  fagon  £  distinguer  les  differents  regimes  d' §coulement . 

Mais  le  problems  de  la  modyiisation  se  complique  encore  un  peu  si  1'on  observe  le  resultat 
sui van t  :  sur  la  figure  28b,  nous  pr^sentons  un  essai  effected  exactement  dans  les  mSmes  conditions 
que  celui  de  la  figure  28a,mis  a  part  qu’une  petite  discontinuity  gyomytrique  (en  1 ’occurrence  une 
asperity  1  a  et6  pos£e  au  pr^alable  sur  le  nez  de  la  maquette.  On  peut  alors  observer  que  1 'allure  de 
la  courbe  de  s'en  trouve  fortement  modifiye  (voir  $  2.4.1).  Ceci  montre  done  qu'une  legere  modifi¬ 
cation  en  un  androit  bien  pr§cis  de  la  maquette  peut  changer  notoirement  l’ecoulement  et  peut 

conduire  a  une  autre  forme  de  modyiisation,  Celle-ci  pourrait  reprendre  l'id^e  des  etats  d’equilibre 
mais,  au  lieu  de  prendre  en  compte  un  torseur  au  niveau  du  centre  d'inertie  de  la  maquette,  elle  pourrait 
considerer  cette  maquette  comme  un  ensemble  de  plusieurs  61§ments  (nez,  voilure,  derive,  ...)  sur  lesquels 
incidence  et  derapage  ont  des  effets  distincts.  Ceci  conduit  alors  dans  la  procedure  d’essais  a  mesurer 
des  torseurs  sur  chacun  de  ces  differents  Elements. 

Toutes  ces  m^thodes  visent  a  construire  un  modele  de  representation  des  efforts  aerodynamiques 
de  fagon  £  pouvoir  les  prendre  en  compte  dans  les  equations  de  la  mecanique  du  vol .  Alors  la  reconnaissance 
de  tous  les  mouvements  types  rencontres  aux  grands  angles  sur  avions  d’armes  (comme  la  vrille,  les  auto- 
tonneaux,  etc  .«.)  peut  (Stre  pleinement  effectuee  grSce  a  une  methode  d’analyse  comme,  par  exemple,  celle 
dite  des  bifurcations  que  Monsieur  GUICHETEAU  (14)  a  developpee  a  l’O.N.E.R.A,  et  dont  il  presente  un 
exposy  dans  le  cadre  de  ce  colloque. 


CONCLUSION. - 


Un  dref  panorama  des  principales  methodes  mises  en  oeuvre  a  1'I.M.F.L.  pour  1’ etude  de  la  perte 
de  contrSle  et  des  vrilles  a  et£  presents. 

En  regard  de  la  complexity  des  phynom^nes,  notamment  du  point  de  vue  ayrodynamique ,  les  efforts 
£  developper,  en  vue  d’une  pr6diction  efficace  des  comportements  aux  grands  angles  devraient  Stre 
orientys  dans  les  directions  suivantes  : 

-  Dyveloppement  accru  de  methodes  de  simulations  dynaraiques  representatives  en  .oufflerie  ou 
en  vol  libre  (aspect  reprysentation  des  phynomenes). 

-  Analyse  du  point  de  vue  ayrodynamique  experimental  et  theorique  (aspect  comprehension  des 
phynomenes) « 

-  Recherche  et  dyveloppement  de  modeles  de  representation  fiables  fondys  sur  des  concepts  nouveaux 
(choix  de  parametres  d'etat  ryellement  descriptifs,  prise  en  compte  de  phenomenes  locaux  dans  le  cadre 
d’une  modelisation  par  elements  . ..)  (aspect  prydiction  du  comportement) . 

Ces  remarques  sont  particulierement  fondees  pour  traiter  efficacement  de  la  pryvention  de  la  perte 
de  contrdle  et  des  vrilles  ainsi  que  des  limites  de  manoeuvrability  aux  grands  angles. 
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APPLICATION  DE  LA  THEORIE  DES  BIFURCATIONS 
A  L' ETUDE  DES  PERTES  DE  CONTROLE  SUR  AtflON  DE  COMBAT 

par 

Philippe  Guicheteau 
ONERA 

92320  Chatillon,  France 


RESUME 

Le  mouvement  d '  an  avion  peut  Etre  dEcrit  de  maniEre  rigoureuse  par  un  systEme  diffErentiel  non  linEaire, 
dependant  de  paramEtres,  liant  les  variables  d'etat  (incidence,  dErapage,  vitesse...)  et  les  variables  de  com- 
mande  (braquages  des  gouvernes)  par  1 ' interroEdiaire  des  Equations  de  la  mEcanique  du  vol  et  du  module  aErody- 
naraique . 

La  mEthode  proposEe  ici  consiste  k  determiner  les  limites  de  stability  du  systEme  et  k  prEdire  l'Evolu- 
tion  de  celui-ci  lorsqu'il  devient  instable.  Elle  fait  appel  k  la  thEorie  des  bifurcations  des  systEmes 
di f fErentiels  non  linEaires. 

1 .  INTRODUCTION 

Depuis  de  nombreuses  annEes ,  l'Etude  des  pertes  de  controle  et  des  vrilles  sur  avion  de  combat  est  un 
domaine  de  recherches  tr£s  important.  MalgrE  les  efforts  dEployEs,  l1 analyse  de  tels  phEnomEnes  reste  encore 
trEs  delicate  en  raison  de  leur  complexite,  de  leur  caractEre  apparemment  alEatoire  et  des  faibles  connais- 
sances  dont  on  dispose  en  aErodynamique  k  grande  incidence. 

Pourtant,  l'examen  attentif  de  nombreux  rEsultats  d'essais  en  vol  sur  des  avions  tres  diffErents  rEvEle 
d'Etonnantes  similitudes  de  comportement  qu’il  semble  difficile  d'attribuer  au  hasard.  D'autre  part,  des  Etu¬ 
des  de  vrilles  en  simulation  ont  montrE  qu'il  Etait  possible,  avec  un  module  adEquat,  d’effectuer  des  recou- 
pements  sat isfaisants  avec  des  essais  en  soufflerie  ou  en  vol,  suggErant  ainsi  que  la  vrille  est  une  carac- 
tEristique  du  systEme  diffErentiel  utilise  dans  les  simulations. 

Par  opposition  aux  Evolutions  k  faible  incidence,  le  comportement  des  avions  k  grande  incidence  est  ca- 
ractErisE  par  des  mouvements  de  grande  amplitude  pour  lesquels  1' analyse  linEarisEe  de  la  stability  ne  four- 
nit  que  des  renseignements  tres  limitEs. 

Pour  toutes  ces  raisons,  une  Etude  dEterministe  du  comportement  des  avions  dans  le  domaine  non  linEaire 
a  EtE  entreprise.  On  a  utilisE  des  rEsultats  mathEmatiques  trEs  importants  relatifs  aux  applications  diffE- 
rentiables  et  regroupEs  sous  le  nom  de  thEorie  des  bifurcations.  Grace  k  l’outil  numErique,  la  mEthode  pro- 
posEe  ici  offre  l'avantage  de  traiter  des  Equations  c'-nplEtes.  Pour  illustrer  cette  nouvelle  approche  des 
phEnomEnes  non  linEaires  d«»  la  mEcanique  du  vol,  on  prEsente  deux  applications. 

La  premiEre  traite  le  phEi  vtnEne  bien  connu  de  1 '  auto-tonneau  avec  un  modEle  d'avion  k  coefficients  cons¬ 
tants  et  des  Equations  s implii j ees .  MalgrE  la  siraplicitE  du  systEme  EtudiE,  on  met  en  Evidence  l'existence 
d'Etats  d'Equilibre  multiples  associEs  k  un  braquage  donnE  de  gouvernes. 

Dans  la  seconde,  on  Etudie  le  comportement  k  grande  incidence  d'un  modEle  aErodynamique  non  linEaire 
d'avion  de  combat,  en  utilisant  les  Equations  complEtes  de  la  mEcanique  du  vol,  sans  aucune  hypothEse  sim- 
plif icatrice .  GrSce  k  1 ’Etude  des  bifurcations  du  systEme  ainsi  construit,  on  prEvoit  par  le  calcul  et  on 
retrouve  en  simulation  des  phEnomEnes  trds  gEnEraux  de  saut,  d'hyst^rEsis  et  de  cycle  limite  qui  prEsentent 
de  grandes  analogies  avec  des  comportements  qu’il  est  classique  d'observer  en  vol. 

2.  BIFURCATIONS  ET  THEORIE  DES  CATASTROPHES 

2.1  -  Avertissement 

11  n'est  pas  dans  1 'esprit  de  cette  communication  de  se  substituer  aux  ouvrages  spEcialisEs  exposant 
les  fondements  mathEmatiques  de  la  thEorie  des  catastrophes  (1).  Toutefois,  il  semble  indispensable  d'en 
exposer  quelques  aspects,  illustrEs  par  des  exemples,  pour  faciliter  la  comprEhens ion  des  chapitres  suivants. 

2.2  -  Premier  exemple  :  la  catastrophe  de  Riemann  -  Hugoniot 

ConsidErons  1 ’Equation  dif fErentielle  scalaire 
d 25  -  -  C-x  ♦  ol-x.  -«■  b) 

at 

dans  laquelle  oc  reprEsente  l'Etat  d’un  systEme  et  (a,b)  des  paramEtres  de  commande  lentement  variables. 

Cette  Equation  scalaire  peut  Etre  considErEe  comme  reprEsentat ive  de  1 'Evolution  de  la  variable  x  dans  un 
champ  de  gradient  dont  la  fonction  potentielle  est  dEfinie  par  les  relations  : 
dc  z  -  grad  C  <3?  C-x.")) 

et  r  atl  ♦  az'  *bx 

**  2. 

Par  conslquent,  l'ltude  des  minima  et  des  maxima  de  la  fonction  tffx) renseigne  sur  la  stability  ou  l'ins- 
tabilitd  des  Itats  d'lquilibre  du  systlme. 

(  Supposons  que  l'on  fixe  a  (a  *  -  3),  que  l'on  fasse  varier  lentement  b  de  -  3  1  *  3  de  telle  sorte  que 

la  variable  x  atteigne  un  Itat  d'dquilibre  pour  chaque  valeur  de  b  (fig  1),  et  que  x  soit  en  xj  au  dlbut  de 
t  ,  la  variation  de  b.  Pour  b  *  +2,  le  minimum  de  la  fonction  ^<*)devient  un  point  d'inflexion  et,  pour  une  pe¬ 

tite  varation  de  ce  paramltre,  x  passera  rapidement  de  l'ltat  xj  4  l'ltat  xj  .  De  mime,  si  l'on  change  le  sens 
de  variation  de  b,  x  restera  en  X2  jusqu'4  ce  que  b  atteigne  la  valeur  -2  et  "sautera"  ensuite  I  l'ltat  xj. 


t 
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On  note  au  passage  que  l'on  vient  de  mettre  en  Evidence  un  hystdre'sis  dG  au  fait  que  le  aaut  de  xj  vers  X2 
ou  de  X2  vers  xj  ddoend  de  l'histoire  de  la  variation  du  paramAtre  b. 


Reprdsentons  dans  l'espace  (x,a,b),  la  surface  (M)  des  points  d'dquilibre  ddfinie  par  x  ■  °  et  sa  pro¬ 
jection  (C)  sur  le  plan  (a,b)  (fig. 2).  Dans  ce  plan,  le  lieu  des  points  tels  que  l'dquation  ft  *  0  admet  trois 
racines  est  A  l'intdrieur  d'une  courbe  en  forme  de  pointe.  La  frontiAre  entre  les  regions  de  l'espace  (a,b) 
ayant  un  nombre  different  d'dtats  d'dquilibre  est  appelde  surface  de  bifurcation.  Sur  cette  surface,  la  super¬ 
position  d'un  minimum  et  d'un  maximum  crde  un  point  d‘ inflexion  pour  lequel  les  ddrivdes  premiere  et  seconde 
de  (pt-x)  a 'annulent .  Par  consequent,  en  dliminant  x  dea  Equations 
3  c?  -  *  otoc  -t  b  s  O 

-  3oc2  ♦  CL  -  o 


on  obtient  1' Equation  de  la  surface  de  bifurcation 

_±_  a?  ♦  ±  b*  «.  o 
tV  q 

De  cette  derniAre,  il  vient  inmddiatement  que  si  a  est  ndgatif,  il  sera  possible  de  se  trouver  sur  cette 
surface  et  done  d'gtre  sur  un  point  de  bifurcation.  Aussi,  pour  dviter  cette  situation  que  l'on  qualifie  de 
"catas trophique" ,  il  sera  ndeessaire  que  a  soit  positif  (fig. 2). 


2.3  -  DeuxiAme  exemple  :  bifurcation  de  Hopf.  (fig. 3) 


Considdrons  un  sytlAme  de  dimension  2  en  coordonndes  polaires  (^y®  )  dans  lequel 
•t ***£♦*£  O  =  9rcV^  2ti 


\i  i 

Les  solutions  correspondent  A  un  dquilibre  doivent  satisfaire  1' Equation  “ICC-  >  =  0  ce  qui  entraine 
■  0  ou  *4  =  ( &  avec  c>0.  PourC<0,  seule  la  solution  ^  =  0  existe  (foyer  stable). 

Pour  C^O,  la  solution  =  0  devient  instable  (foyer  instable)  et  une  nouvelle  solution  *2  “Jc1  apparait.  Cette 
derniAre  correspond  A  un  cycle  limite  dont  le  rayon  croit  comme  JcT  .  Le  point  C  est  un  attracteur  vague  et 
reprdsente  le  point  de  bifurcation  de  Hopf. 

3.  BIFURCATIONS  ET  MECANIQUE  DU  VOL 

3.1  -  Modules  d'avions  utilises. 


L' application  de  la  thdorie  des  bifurcations  portera  sur  deux  modules  d'avions. 

L' avion  A  possAde  un  modAle  adrodynaraique  lindaire  et  A  coefficients  inddpendants  de  1' incidence.  Il  est 
utilisd  pour  traiter  1 'exemple  simplifid  de  1  *  auto-tonneau  (&  4). 

L' avion  B  possAde  un  modAle  adrodynamique  non  lindaire  sans  hysteresis,  dont  la  validity  s'dtend  A  des 
incidences  -10°^.ot^+  90°  et  de3  ddrapages  -40°^-  f*  SS  +40° . 

Il  est  utilisd  dans  le  deuxiAme  exemple  d ' application  de  la  thdorie  des  bifurcations  qui  concerne  certaines 
pertes  de  controle  A  grande  incidence. 

Le  modAle  B  est  celui  d'un  avion  de  combat  fictif  A  aile  haute  et  empennage  arriAre.  Il  est  cependant 
rdaliste  car  il  est  issu  d'une  synthAse  de  norobreux  essais  de  soufflerie.  Ses  caractdristiques  sont  rdsumdes 
A  la  figure  4. 


La  formulation  du  modAle  B  a  dtd  adapt Ae  aux  besoins  des  calculs  de  mdcanique  du  vol.  Chacun  des  six 
coefficients  globaux  :  Cj,  Cm,  Cn,  Cx,  Cy,  Cz,  s 'exprime  de  fa;on  inddpendante  en  fonction  des  paramAtres 
d' influence  :  ,  (*>  ,  f  \  f  gouvemes. 

Ainsi  les  non-lindaritds  et  les  couplages  adrodynaraiques  s'expriment  dans  un  ddveloppement  en  sdrie  de  Taylor 
autour  des  valeurs  de  rdfdrence  (dtat  nominal)  ddfinies  de  la  fa^on  suivante  : 

,  (^  z  O  ,  pr  t  :  O  ,  St  z  SfV?  =  Sn  =:  O 


L'expresaion  gdndrale  des  coefficients  est  de  la  forme  : 


C  =  Ce 


(«,(**©,  1  *0,  it- 


Sm  =  Sr».-o>  *  *  f>C  ♦  £C 


-  Les  coefficients  C0  sont  appelds  coefficients  nominaux.  Ils  sont  nor  lindaires  en  fonction  de  1' incidence. 

En  particulier,  les  coefficients  nominaux  latdraux  n'ont  pas  dtd  choisis  systdmatiquement  nuls,  aux  incidences 
supdrieures  A  20°,  en  vue  de  simuler  les  dissymdtries  adrodynamiques  identifides  sur  de  nombreux  avions  A 
grande  incidence. 


-  Les  termes  AC  expriment  la  variation  par  rapport  A  sa  courbe  nominale,  du  coefficient  C,  en  fonction  du 
paramAtre  x.  Ce  sont  des  fonctions  paires  ou  impaires  du  paramAtre  x  suivant  la  nature  du  coefficient  AC 
et  de  x. 


3.2.  -  Equations  du  mouvement . 

Le  systAme  d' Aquations  adoptd  reprdsente  un  modAle  complet  puisqu'on  y  trouve  : 

-  les  trois  Aquations  de  moment,  en  supposant  D  *  F  “  0 
ftp*  -  Er  .  Cc-e)qr  -  £ p9  :  |  fStV'Ct 
Bq  »  ( n-c)rp  ►  E ( r*-p' )  =  i  FStVtCm 
Cr  -  Ep  *  (  B-ft)  pq  .£>9  =  £  tSCV^Cn 
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-  leg  trois  Equations  de  force, 

m[  V  coso(  cos  ft  -  siAH  cos  ft*  *  Cos  «*  sinftfi  )  ♦  V  cosft  -  r%*hft\J 

s  ~  me/  sin&  ♦  i  f  f 

m/-  W  */'oft  *  Vcosftft  *  V  (  r  cos  «C  coo  ft  -  p  sin  o(  cosft  )J 
=  mg  ca s  O  sin  Cp  •»  i  p  S V*Cy 

m  £  V  sin*  cosft  *  V  (  cos  Ol  cosft  oc  -  SfnO(  sir*  ft  ft  )  «■  V  (  p  sin  ft  -  «fCo*<K  Cosft)J 
~  ma  cos  G  cos  cf  r  1  pSV ^Cjjr  r  f** 

-  deux  Equations  cinEmatiques .  Liquation  cinEmatique  d 'Euler  en  cap  y  ,  n'est  pas  prise  en  compte . 

$  *  p  +  ty  &  (c/  sin  <f  ♦r  cos  cp ) 

S  z  <f  cos  <f  -  r  Cp 

Les  non-linEaritEs  de  ce  systEme  sont  nombreuses  et  peuvent  Etre  classEes  en  deux  categories  : 

-  La  premiere  renferme  celles  qui  sont  intrinsEques  au  systEme  et  qui  sont  dues  E  l'Ecriture  des  Equa¬ 
tions  du  mouvement  d'un  solide  dans  i'espace  (lignes  trigonomEtriques  et  couples  gyroscopiques ) . 

-  La  seconde  contient  celles  qui  proviennent  du  module  aErodynamique  de  1* avion  considErE.  Dans  cette 
catEgorie,  il  convient  de  faire  une  distinction  entre  : 

.  les  non- linEaritEs  de  courbure  des  coefficients  aErodynamiques , 

.  les  non-iinEar itEs  de  couplage,  coxnme  certains  coefficients  aErodynamiques  qui  dEpendent  de  deux 
variables .  ex  1 

Cette  distinction  n'est  pas  Evidente  E  priori,  mais  elle  est  justifiEe  par  1 'expErience . 

En  effet,  les  prrrniEres  conduisent  E  des  Evolutions  brutales,  pour  une  variation" douce”  des  braquages 
de  commandes,  les  E  des  oscillations  plus  ou  moins  entretenues. 

3.3  -  Mise  en  oeuvre  de  ia  thEc  e  des  bifurcations 

3.3.1  -  Calcul  des  Etats  d  Equilibre 

Bien  que  dans  certains  cas  particuliers  (auto-tonneau)  une  solution  analytique  soit  envisageable ,  la 
mEthode  utilisEe  consiste  E  rechercher  numEriquement  tous  les  Etats  d'Equilibre  du  systEme  diffErentiel  non 
linEaire  ci-dessus  pour  chaque  combinaison  du  triplet  de  braquages  de  gouvernes  (  $t  »  »  Sn  ) • 

Le  systEme  diffErentiel  non  linEaire  des  Equations  de  la  mEcanique  du  vol  se  ramEne  E  la  forme  gEnEra- 

le  : 

X  =  f  (  X  ,  c ) 

dans  laquelle 

X  est  un  vecteur  de  dimension  n  appelE  vecteur  d'Etat 
C  est  un  vecteur  de  dimension  m  appelE  vecteur  de  commande 

F  est  un  ensemble  de  n  fonctions  continues  dErivables  non  linEaires  dEpendant  E  la  fois  de  l'Etat  et 
de  la  commande. 

On  se  propose  d'Etudier  1 'ensemble  des  Etats  d'Equilibre  (X)  du  systEme  dEfinis  par  X  “  0  lorsque  le 
vecteur  de  commande  varie. 

Lorsqu'on  fait  1'hypothEse  classique  selon  laquelle  le  systEme  est  linEaire,  il  n'existe  qu'un  seul 
Etat  X  vErifiant  la  relation  F(X,C)  *  0,  pour  une  valeur  donnEe  du  vecteur  de  commande.  Par  contre,  lorsque 
le  systEme  est  non  lir.Eaire,  il  peut  exister  plusieurs  Etats  d'Equilibre  diffErents  vErifiant  la  relation 
X  »  0  pour  une  valeur  DonnEe  du  vecteur  de  commande. 

Le  traitement  nuroErique  de  ce  problEme  recEle  de  nombreuses  difficultEs.  La  mEthode  etnployEe  vise  E 
dEcrire  la  surface  d'Equilibre  du  systEme  E  l'aide  d'une  variable  descriptive.  Cette  idEe ,  due  E  Klopfenatein 
16],  a  donnE  uaissance  E  de  nombreux  algorithmes  amEliorant  la  prEcision,  la  rapiditE  du  calcul  et  pouvant 
traiter  de  nombreux  cas  de  bifurcations.  I Is  sont  dus  principalement  aux  travaux  de  Davidenko,  Keller  17]  et 
Kubicek  [8] . 

Dans  le  cas  prEsent,  on  a  repris  en  le  modifiant  lEgErement  l'algorithme  proposE  par  Kubicek  [8]. 

3.3.2  -  DEterminat ion  de  la  surface  de  bifurcation 

11  s'agit  de  rechercher  1* ensemble  des  Etats  d'Equilibre  tels  que  une#(ou  plusieurs)  valeur  propre 
(considErEe  comne  un  nombre  complexe)  de  la  matrice  jacobienne  du  systEme  X  *  F(X,C)  possEde  une  partie 
rEelle  nulle.  Cette  condition  sEpare  en  effet  les  domaines  des  Equilibres  stables  et  instables. 

Dans  la  suite  de  cette  Etude,  on  ne  s'intEresse  qu'aux  bifurcations  associEes  E  une  (ou  plusieurs) 
valeur  propre  nulle. 
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La  resolution  rigoureuse  de  ce  probldme  peut  etre  faite  en  utilisant  1 1 algorithme  utilise  dans  le 
paragraphe  precedent  en  adjoignant,  au  systeme  differentiel  initial,  une  condition  sur  le  determinant  de 
la  matrice  jacobienne  (Dec  =  0).  L ' adjonc t ion  de  cette  dernidre  condition  penalise  beaucoup  le  temps  de 
calcul.  Pour  cette  raison,  on  a  choisi  de  construire  la  surface  de  bifurcation  &  partir  d'un  maillage  de 
la  surface  d'equilibre.  Bien  que  moins  precise,  cette  fa^on  de  proceder  procure  non  seulement  les  points 
de  bifurcation  mais  aussi  les  points  d'equilibre  qui  existent  au-del£,  et  vers  lesquels  le  systeme  tend 
apres  avoir  traverse  une  bifurcation. 

3.3.3  -  Prediction  du  comportement  h  grande  incidence 

La  demarche  presentee  ci-dessus  correspond  &  une  description  statique  de  1 'ensemble  des  etats  d'equi¬ 
libre  possibles,  stables  ou  non.  La  prediction  a  pour  objet  de  definir  Involution  dynamique  qui  se  produit 
au  franchissement  d'une  surface  de  bifurcation. 

Elle  est  realisee  en  interpretant  les  resultats  obtenus  ci-dessus.  Cette  etape  de  la  methode  est  assu- 
rement  la  plus  delicate  car  il  s‘agit  de  passer  d ' informat  ions  quant itat ives  h  une  description  qualitative 
d'un  comportement  dynamique.  Elle  ne  doit  pas  etre  faite  en  se  guidant  aveugldment  sur  les  valeurs  propres 
des  etats  d'equilibre.  Bien  que  cela  soit  trds  schdmatique,  il  est  possible  de  degager  quatre  regies  de 
prediction  qui  ne  s'excluent  pas  mutuellement  : 

a)  Les  surfaces  d'equilibre  presentent  des  proprietes  de  symetrie  en  raison  de  la  symdtrie  du  module.  Dans 
ce  cas ,  les  perturbations  extdrieures  agissant  sur  1 'avion  le  font  tendre  vers  un  etat  d'equilibre  ou 
l'etat  symetrique. 

b)  Les  manoeuvres  sont  exdcutdes  rapidement,  ou  bien  la  vitesse  de  1' avion  ect  importante .  Dans  ce  cas, 
l'avion  peut  presenter  des  pertes  de  controle  partielles  non  previsibles  par  les  calculs  precedents. 

Pour  ce  type  de  manoeuvre,  les  calculs  negligeant  1’ influence  de  la  pesanteur  perraettent  la  prediction. 

c)  Pendant  la  manoeuvre,  tous  les  etats  d'equilibre  vers  lesquels  tend  le  systeme  sont  stables.  Dans  ces 
conditions,  la  prediction  ne  presente  pas  de  difficulte. 

d)  Aprds  une  bifurcation  ,  les  etats  d'equilibre  en  presence  sont  instables  osci llatoires .  Dans  ce  dernier 
cas,  la  prediction  se  deroule  en  deux  temps.  £n  faisant  provisoirement  abstraction  des  valeurs  propres 
imaginaires  conjuguees  on  determine  l'etat  d’equilibre  theorique  defini  par  X  *  0  vers  lequel  tendrait 
le  systeme  dans  I'hypothdse  ou  il  serait  stable.  Puis,  on  precise  la  prediction  en  integrant  le  raouve- 
ment  du  systeme  autour  de  cet  etat  d'equilibre,  apres  l'avoir  soumis  h  une  petite  perturbation  afin  de 
mettre  en  evidence  l'existence  eventuelle  d'un  cycle  limite  ou  d'autres  phenomenes  oscillatoires  non 
lineaires  qui  ne  sont  pas  traitds  actuellement  par  la  methode  exposee  plus  haut . 

Malgre  la  bridvete  de  cette  classification,  la  methode  est  efficace,  comme  le  demontrent  les  paragra- 
phes  4  et  5. 

3.3.4  -  verification  par  simulation 

L’experience  acquise  par  le  traitemenc  d'un  grand  nombre  de  cas  est  tres  prdcieuse  pour  predire  cor- 
rectement  le  comportement  d'un  avion  au-delS  d'une  bifurcation.  Grice  £  cette  experience,  et  dans  de  nom- 
breux  cas,  il  n'est  pas  indispensable  de  simuler  la  manoeuvre  etudiee  pour  connaitre  le  comportement  de 
l'avion. 


Mais  pour  les  cas  difficiles  cites  b  l'alinda  d)  ci-dessus,  ou  si  un  doute  se  presente,  il  faut 
effectuer  quelques  simulations.  Un  avantage  considerable  de  la  methode  est  que  les  diagrammes  de  bifurca¬ 
tions  permettent  d'ajuster  les  manoeuvres  de  pilotage  £  coup  sur,  et  ainsi  de  n'executer  que  les  cas  de  cal¬ 
cul  pertinents.  Ces  simulations  sont  realises  au  moyen  d'un  programme  d ' integration  du  mouvement  qui  prend 
en  compte  des  equations  completes  et  toutes  les  non-1 inearites . 

On  justifie  ainsi,  a  posteriori  et  si  necessaire,  les  hypotheses  simplif icatrices  qui  auraient  pu 
etre  faites  dans  les  calculs  de  bifurcations  et  dans  la  prediction. 

4.  APPLICATION  A  L' ETUDE  DE  L ' AUTO-TONNEAU 


Cette  premiere  application  est  un  exemple  simplifie  de  1 'utilisation  de  la  theorie  des  bifurcations  & 

1 'etude  du  phenomene  d'auto-tonneau  qui  est  connu  depuis  fort  longtemps  et  dont  l'dtude  a  dte  reprise  rdcem- 
ment  par  Schy,  Hannah  et  Mehra  [2,3/4]. 


4.1  -  Hypotheses 

L'experience  et  les  calculs  antdrieurs  [5]  ayant  montre  que  1 ' auto-tonneau  se  produit  £  faible  inci¬ 
dence,  que  la  vitesse  de  l'avion  varie  peu  et  que  1' influence  de  la  pesanteur  est  ndgligeable,  le  systeme 
differentiel  complet  des  equations  de  la  mdcanique  du  vol  a  dtd  simplif id  de  la  fa^on  suivante  : 

-  le  mod£le  d'avion  est  £  coefficients  constants  (incidence  faible) 


-  1 'equation  de  trainee  est  absente  (vitesse  constante) 

-  on  suppose  que  les  termt j  renfermant  la  quantitd  g/V  sont  toujours  petits  et  constants. 

Cette  dernidre  hypothdse  prdsente  1 'avantage  de  decoupler  les  deux  equations  en  d  et  et  de  ne  pas 

contraindre  le  mouvement  de  l'avion  £  s' effectuer  autour  d'un  axe  vertical. 


4.2  -  Etude  de  l* auto- tonneau 

Les  hypothdses  ci-dessus  conduisent  £  dcrire  un  systdme  differentiel  simplifid  dont  on  cherche  1 'en¬ 
semble  des  dtats  d'equilibre  (  &  »  (V  »  0,  £  “  4  *  ^  *  0) . 
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En  supposant  oj  =  (*  *  0  et  9  =  r  =  0  et  en  nAgligeant  1' influence  du  terme  ,  le  systAme  se  met 
sous  la  forme  : 

p  --  rtpf.fsP'.f,P’-r3p‘*rtp*fi 

qui,  par  un  changement  de  variable  sc  -  p  *  ,  se  ramAne  A  liquation  di  f  f  Arent  ie  1  le 

ct  r  cr  ^ *  doci  *  c  ocz  +  bx  +  ct 

Ainsi,  on  met  en  Evidence  la  forme  canonique  d'une  singularity  de  &  — &  appelAe  "catastrophe 

papillon"  dont  l'Atude  fait  apparaitre  des  points  de  bifurcation  pouvant  entrainer  des  sauts  pour  certaines 
valeurs  des  pararaAtres  (a,b,c,d). 

En  effet,  pour  un  braquage  de  profondeur  &  piquer  effectuA  A  partir  de  la  position  de  trim  correspondent 
Al'incidence  choisie  ( °<  *  5“ ) ,  et  gouvemes  transvereales  au  neutre, il  existe  5  Atats  d  Aquilibre  possibles 

repArAs  Al  et  A5  sur  la  figure  5,  et  non  pas  un  seul  comme  le  pryvoit  1 'approximation  linyaire.  Les  ytats 
Al ,  A3  et  A5  sont  stables  ;  A2  et  A4  sont  instables.  Partant  de  l'Atat  nominal  A3,  un  braquage  progressif  du 
gauchissement  correspondent  A  une  manoeuvre  bynigne  de  roulis  A  droite,  effectuye  sous  facteur  de  charge 
lAgArement  nAgatif,  dAplace  le  point  de  fonctionnement  jusqu’en  A* 3,  puis  le  fait  "sauter"  vers  A'l. 
Prycisyment,  la  vitesse  de  roulis  rypond  tout  d'abord  A  peu  prAs  linyairement  (c * est-A-dire  intui tivement ) 

A  la  sol lici tation  du  pilote,  puis,  brusquement,  elle  "saute"  A  une  valeur  excessivement  AlevAe  par  rapport 
a  la  commande.  Le  pilote  dAcide  immydiatement  de  ramener  le  gauchissement  au  neutre.  Cette  manoeuvre  est 
A  peu  prAs  sans  effet,  et  le  demeure  meme  s'il  braque  le  gauchissement  en  sens  opposA.  Ces  deux  phAnomAnes 
apparaissent  nettement  en  simulation  (figure  6)  .  Ces  simulations,  rAalisAes  avec  des  Aquations  complAtes, 
suggArent  deux  remarques  : 

-  1* influence  de  la  pesanteur  se  traduit  par  une  oscillation  des  variables  d'Atat  autour  d'une  valeur  moyen- 
ne  sans  modifier  les  phAnomAnes , 

-  la  prise  en  compte  de  la  pesanteur  fait  piquer  l'avion  et  le  fait  accAlArer.  II  s'ensuit  que  la  vitesse 
de  roulis  ne  se  stabilise  pas  A  la  valeur  calculAe  prAcAdemment .  En  fait,  on  remarque  qu'on  peut  rAAcrire 
le  systAme  AtudiA  en  utilisant  la  variable  rAduite  p*  =  Pl/V.  On  vArifie  alors  que,  malgrA  l'accroisse- 
ment  de  la  vitesse  de  l'avion  et  de  la  vitesse  de  roulis,  la  valeur  de  p*  est  parfaitement  stabilisAe  A 
la  valeur  prAvue  par  les  calculs  d'Aquilibre. 

De  la  meme  fa;on,  une  action  A  piquer  A  la  profondeur  peut  provoquer  le  saut  spontanA  d'un  Aquilibre 
de  type  A3  vers  un  Aquilibre  de  type  Al  (figure  7). 

Enfin,  sur  ce  rAseau  de  courbes  d'Aquilibre  an  observe  que,  partant  du  point  Al ,  gauchissement  au 
neutre,  on  pourra  retrouver  l'Atat  d'Aquilibre  initial  A  p  *  0  par  un  nouveau  saut  obtenu  en  ramenant 
la  profondeur  A  sa  position  de  trim  (simulation  figure  8). 

4.3  -  Conception  d'une  loi  de  pilotage  pour  Aviter  1 ' auto-tonneau 

Outre  la  description  du  comportement  de  l'avion,  le  calcul  des  Atats  d'Aquilibre  et  des  points  de 
bifurcation  procure  de  prAcieux  renseignements  sur  les  moyens  d' Aviter  les  sauts.  Dans  le  cas  prAsent,  le 
calcul  de  la  surface  de  bifurcation  dans  le  plan  (  SB  ,  &  a  )  pour  un  braquage  de  profondeur  donnA  montre 
qu'il  existe  une  zone  privilAgiAe <hns  laquelle  on  ne  rencontre  pas  de  bifurcation  (figure  9).  II  s'ensuit 
que  si  l1 on  as treint  le  systAme  A  demeure r  dans  cette  rAgion  du  plan,  l'avion  aura  un  comportement  quasi- 
ment  linAaire  par  rapport  aux  commandes  St  et  Sm  .  En  pratique  un  tel  systAme  est  un  couplage  gau ch is semen t- 
direction,  dont  de  nombreux  exemples  existent.  Bien  qu'ils  ne  modifient  pas  les  ^seaux  d^  courbes  de  bifur¬ 
cation  qui  sont  intrinsAques  A  l'avion,  ils  en  modifient  l'apparence,  car  les  Aquilibres  access ibles  ne  sont 
plus  les  mSmes,  et  plus  aussi  variAs,  comme  en  tAmoigne  la  figure  10.  En  simulation  le  saut  a  disparu 
(figure  II). 

4.4  -  Remarques  de  lynthAse  sur  1  *  auto-tonneau 

Cet  exemple  simple  montre  1'efficacitA  de  la  mAthode  . 

En  effet,  au-delA  de  la  mise  en  Avidence  de  l'importance  des  terves  de  couplage  par  inertie  grdce  A 
un  modAle  simple  et  linAarisA,  le  phAnomAne  de  1 'auto-tonneau  a  requ  une  explication  claire  et  rigoureuse. 

Par  ailleurs,  on  a  pu  Abaucher  une  mAthodologie  pour  la  recherche  de  lois  de  commande  qui  protAgent  les 
avions  de  combat  contre  les  pertes  ae  contrdle. 

5.  APPLICATION  AU  COMPORTEMENT  D'UN  AVION  A  GRANDE  INCIDENCE 

On  rappelle  que  la  mAthode  proposAe  conduit  thAoriquement  A  Atudier  les  multiples  infinitAs  d' Atats 
d'Aquilibre  possibles  d'un  modAle  entiArement  non  linAaire.  On  a  done  choisi  de  prAsenter  les  rAsultats 
de  la  maniAre  suivante  : 

-  lAre  partie  :  aouvements  de  pilotage  transversal  A  position  fixe  de  la  profondeur 

-  2Ame  partie  :  aouvements  de  profondeur  pure  (le  modAle  d'avion  est  dissymAtrique) . 

Le  souci  de  richesse  de  1'exposA  a  conduit  A  insister  dans  la  premiAre  partie  sur  la  mAthodologie,  en 
dAcomposant  les  diffArentes  Atapes  du  raisonnement .  Dans  la  seconde,  on  insists  plus  largement  sur  les 
aspects  "qualitAs  de  vol". 
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5.1  -  Pilotage  transversal  &  of  «  13°,  Sm  *  cte 

11  s'agit  d'dtudier  le  comportement  du  module  B  lorsqu'on  effectue  dee  braquages  d'ailerone  et  de 
direction  autour  du  vol  en  palier  h  partir  d'une  incidence  de  13°.  Le  probldme  dtant  amii  posd,  le  aystdm* 
diffdrentiel  dtudid  ne  ddpend  plus  que  de  deux  paramdtres  (  St  ,  Sn  ). 

La  premiere  dtape  du  calcul  consiste  h  determiner  la  surface  d'dquilibre  du  systdme  lorsque  St  et  Sn 
varient.  Par  exemple,  si  l'on  fait  un  balayage  dee  braquages  de  direction,  k  gauch is semen t  nul ,  on  observe 
qu'il  existe  de  nombreux  dtats  d'dquilibre  qui  correspondent  k  des  valeurs  trds  diffdrentes  des  variables 
d'etat  (figure  12). 

On  note,  au  passage,  qu'au  dessue  de  20°  d' incidence,  les  courbes  de  l'dtat  en  fonction  de  la  conunande 
perdent  leur  propridtd  de  symdtrie,  en  raison  des  dissymdtries  incluses  dans  le  module  pour  simuler  I'adro- 
dynamique  k  grande  incidence. 

Ensuite,  pour  chaque  dtat  d'dquilibre,  on  calcule  les  valeurs  propres  de  la  matrice  jacobienne.  Actuel- 
lement,  on  distingue  trois  types  de  points  d'dquilibre,  suivant  les  valeurs  propres  : 

-  ceux  qui  ont  toutes  leurs  valeurs  propres  A  partie  rdelle  negative, 

-  ceux  qui  ont  une  ou  plusieurs  valeurs  propres  rdelles  positives, 

-  ceux  qui  ont  leum  valeurs  propres  rdelles  negatives  mais  qui  poss&dent  au  moins  2  valeurs  propres  imagin 
naires  conjugudes  k  partie  rdelle  positive. 

Les  premiers  sont  stables,  les  seconds  sont  instables  et  inaccess ibles ,  les  troisidmes,  instables  eux 
aussi,  peuvent  conduire  A  1 'apparition  d'oscillations  non  lindaires  entretenues  (cycle  limite) . 

Ensuite,  on  determine  la  projection  dans  l'espsce  des  commandes  (St  ,  Sn  )  de  lf ensemble  des  points 
pour  lesqu"ls  la  partie  rdelle  des  valeurs  propres  passe  par  zdro.  Dans  la  suite  de  cette  communication,  on 
ne  raisonnera  que  sur  les  points  de  bifurcation  correspondent  au  changement  de  signe  des  valeurs  propres 
rdelles  (  figure  13).  En  effet,  le  cas  des  valeurs  propres  imaginaires  k  partie  rdelle  positive  ndcessite 
un  traitement  particulier  non  encore  mis  en  oeuvre,  et  dont  la  portde  pratique  n'est  pas  encore  clairement 
Stabile.  Sur  la  figure  13,  le  nombre  d'dtats  d'dquilibre  est  indiqud  par  zones.  La  traversde  d'une  ligne 
de  bifurcation  se  traduit  par  1* apparition  (ou  la  disparition)  de  deux  dtats  d'dquilibres . 

II  est  d  noter  que  la  surface  de  bifurcation  n'est  pas  symdtrique  par  rapport  au  centre  du  diagramme. 

L'dtape  suivante  consiste  k  prddire  le  comportement  de  1 'avion  lorsque  le  pilote  agit  sur  les  gouver- 
nes  de  gauchissement  et  de  direction.  Pour  cela,  et  compte  tenu  de  la  configuration  du  diagramme  de  la  fi¬ 
gure  13,  on  choisit  d'dtudier  deux  manoeuvres  symdtriques  par  rapport  au  point  d'dquilibre  initial  ddfini 
plus  haut.  La  premiere  est  constitute  par  un  braquage  du  manche  k  gauche  (St  ■  ♦  10°)  suivi  d'un  braquage 
du  pied  k  gauche  de  Sn  ■  0°  k  Sn  ■  ♦  20°  exdcutd  en  deux  temps,  en  s'arrdtant  quelques  secondes  k  mi- 
braquage  (Sn  ■  10°).  D'aprds  les  courbes  d'dquilibre  quasi-s tatique  correspondant  k  cette  manoeuvre 
(figure  14),  le  systdme  ne  traverse  pas  de  point  de  bifurcation.  Malgrd  cela,  au  voisinage  de  Sri  *  10° » 
la  variation  des  paramdtres  d'dquilibre  est  importante  en  raison  de  la  proximitd  de  la  bifurcation,  et  peut 
entratner  une  perturbation  sur  le  mouvement  de  1* avion.  La  seconde  manoeuvre  est  symdtrique  de  la  premitre. 

Le  pilote  agit  sur  le  manche  k  droite  (  St  *-10 0  puis  sur  la  direction  k  fond  k  droite  de  Sn  ■  0*  k 
Sn  ■  -  20®  en  s'arrStant  quelques  instants  k  mi-braquage.  L* analyse  des  courbes  d'dquilibre  (figure  16) 
montre  que,  partant  d'un  dtat  stable,  le  systtme  traverse  une  bifurcation  pour  St  “  -  10°  et  Sn  »  -  12°. 

De  plus,  au-deld  de  Sn  *  -  12°,  le  systtme  tend  vers  une  branche  d'dquilibre  instable  oscillatoire .  En 
integrant  les  dquations  du  systdme  lorsque  l'on  perturbe  I'd tat  d'dquilibre  donnd  par  la  resolution  de 
l'dquation  X  «  0  pour  Sn  «  -  20°,  on  prddit  l'existence  d'une  oscillation  non  lindaire  entretenue  sur  toutes 
les  variables  du  jyst&me. 

La  dernitre  dtape,  facultative,  de  1 'application  de  la  mdthodologie  est  destinde  k  ddmontrer  1 'exacti¬ 
tude  des  predictions  par  la  simulation.  La  premitre  manoeuvre  (figures  14  et  15)  montre  que  le  mouvement 
de  1' avion  est  perturbe  par  le  passage  k  proximitd  d'une  bifurcation.  Dans  la  seconde  (figures  16  et  18), 
on  observe  que  le  compor tement  du  systdme  est  "quasiment  lindaire"  jusqu'd  la  combinaison  de  braquages 
(St  -  -  10°,  Sn.  *  “  10®)  ;  puis,  apparalt  le  saut  sur  les  variables  d'etat  et  le  ddveloppement  du  cycle 
limite  escompte  (figure  17). 

5.2  -  Mouvement s  de  profondeur  A  partir  de  o<  -  13° 

II  s'agit  de  determiner  les  diffdrents  comportements  que  peut  presenter  un  avion  lorsque  le  pilote 
agit  eeulement  sur  la  profondeur  k  cabrer  ou  k  piquer  k  partir  d'une  incidence  de  13®  avec  le  gauchissement 
et  la  direction  au  neutre  ;  compte  tenu  que  le  module  adrodynamique  B  est  dissymdtrique  au-delft  de  *  20° 
(figure  20).  Les  calculi  de  la  surface  d'dquilibre  et  de  la  stabilitd  de  chacun  des  dtats  mettent  en  evi¬ 
dence  de  nombreux  points  de  bifurcation  (figure  19)  que  l'on  va  dtudier. 

Partant  des  conditions  d'dquilibre  k  1* incidence  de  13®  et  cabrant  ldgdrement,  on  rencontre  une  pre¬ 
miers  bifurcation  1  Sm  ■-0,5® .  Elle  correspond  approximativement  A  l'apparition  de  1 ' instabilitd  spirale 
prdvue  par  les  critdres  traditionnels .  Le  retour  k  la  stabilitd  se  situe  vers  Sm  *  -  4®.  Entre  ces  deux 
valeurs,  l'avion  est  instable  en  vol  rectiligne  et,  sur  une  perturbation  transversale,  il  tend  vers  un  vol 
en  virage  dont  ks  caractdristiques  sont  ddtermindes  par  les  deux  branches  d'dquilibre  stable  situdes  entre 
6r*m  -  0,5*  et  Sms  -  4®  (figure  21). 

Lorsque  l'action  k  cabrer  est  plus  importante  (  Sm  r  -  18°), on  trouve  ut»  de  3  bifurcations 

trds  proches  dont  l'existence  semble  dtre  lide  k  la  dissymdtrie  du  oioddle  4  gram*  fence.  De  plus, 

lorsqu'on  dtudie  la  stabilitd  des  diffdrentes  surfaces  d'dquilibre  en  prdsence,  on  s  ».  rqoit  qu'elles 
sont  soit  instables,  soit  instables  oscillatoires .  D'une  manidre  gdndrale,  les  simulations  montrent  que  la 
conjonction  de  bifurcations  et  de  surfaces  instables  entralne.  un  comportement  trds  agitd  de  l'avion  (figure  22) 
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En  effet,  lorsque  le  pilote  tire  sur  le  manche  suf f isanment  pour  se  placer  au  voisinage  de  Oes  bifurcations 
1* avion  commence  par  subir  une  excursion  trAs  rapide  en  ddrapage  en  raison  de  1 1 instability  oscillatoire 
qui  correspond  A  la  divergence  du  roulis  hollandais.  Ensuite,  en  continuant  le  braquage  A  cabrer,  1' avion 
entre  dans  une  vrille  trAs  agitde.  II  serait  hasardeux  de  gdndraliser  mais  ce  comport ement  du  systAme  n'est 
pas  sans  rappeler  des  per tea  de  contr61e  transversal,  rdelles,  obtenues  gouvernes  transversales  au  neutre, 
lorsque  le  pilote  execute  une  forte  montde  en  incidence  ou  une  cloche. 

Au-delA  de  S rn  =  -  22°,  on  observe  une  bifurcation  importante .  En  effet,  pour  les  braquages  extrAmes, 
il  ne  reste  plus  qu'une  seule  surface  d'dquilibre,  trAs  dloignde  de  la  bifurcation  qui  entralne  un  saut  et 
une  grande  variation  des  paramAtres  d'dquilibre.  En  outre,  cette  surface  est  instable  oscillatoire  et, 
pour  Srrt  *  -  25°,  elle  admet  un  cycle  limite  que  l'on  retrouve  en  simulation  (figure  23).  En  ce  point,  on 
peut  montrer  que  si  l'on  continuait  A  cabrer,  lf avion  tendrait  vers  une  vrille  plate, trAs  stable  (<*x80°), 
dont  il  ne  sortirait  pratiquement  pas,  sauf  si  certains  mouvements  de  gouvernes  pouvaient  restaurer  un 
niveau  d‘ agitations  permettant  la  sortie. 

Par  contre,  si  l'on  ranine  la  profondeur  au  neutre,  le  cycle  limite  se  transforme  en  oscillation  diver- 
gente,  le  systAme  s'dloigne  de  la  surface  de  vrille  et  vient  converger  vers  l'dtat  stable  initial  A  *  13°. 
GrSce  &  la  grande  efficacitd  de  la  profondeur  du  module  B,  il  est  done  possible  de  sortir  de  la  vrille 
(figure  24). 

Lorsque  1 'action  sur  la  profondeur  est  A  piquer,  deux  surfaces  quasiment  symdtriques  par  rapport  A 
1 ' axe  tr  m  o  apparaissent .  Dans  ce  cas ,  si  l'on  compare  la  forme  et  Involution  de  la  vitesse  de  roulis 
rdduite  (Pl/V)  avec  celle  obtenue  au  paragraphe  4  et  figure  7,  on  constate  une  grande  similitude,  malgry 
les  hypotheses  simplif icatrices  utilisyes  dans  l'ytude  de  1 ' auto-tonneau  et  la  diffyrence  entre  les  modules 
d'avions  (figure  25). 

Dans  le  cas  prysent,  il  s'agit  des  surfaces  correspondent  A  l'dtat  d'yquilibre  vers  lequel  tend 
1' avion  aprAs  avoir  effectuy  des  auto-tonneaux,  enchainds  autour  d'une  trajectoire  semi-balis t ique . 

Ces  surfaces  peuvent  §tre  atteintes  en  sortie  de  vrille  comme  le  rnontre  la  simulation  (figure  26). 

Cette  rapide  revue  des  diffyrentes  bifurcations  dues  A  1' action  sur  la  gouverne  de  profondeur  rnontre 
un  des  aspects  de  la  puissance  de  cette  analyse. 

En  effet,  une  ytude  de  simulation  pure  des  pertes  de  controle  serait  longue  et  hasardeuse  alors  que 
le  calcul  des  caractyristiques  de  la  surface  d’yquilibre  permet  de  conclure  rapidement.  De  plus,  pour 
vdrifier  les  prydictions,  il  suf fit  d’effectuer  quelques  simulations  cruciales. 

6.  CONCLUSION 

Les  rysultats  prysentys  dans  cette  communication  montrent  la  richesse  des  renseignements  fournis  par 
la  thdorie  des  bifurcations  appliquye  A  la  mycanique  du  vol. 

Cette  technique  ne  dispense  cependant  pas  de  la  recherche  d'un  bon  module  ayrodynamique  de  1 'avion 
ytudiy,  valable  dans  une  large  gamme  d' incidence  et  de  dyrapage  autour  des  manoeuvres  envisagyes.  Sa 
premiere  raise  en  oeuvre  est  un  peu  lourde,  mais  par  la  suite,  grdee  A  la  finesse  de  l'ingynieur,  elle 
apporte  une  mo is son  de  renseignements  qui  compense  largement  les  inconvynients  mentionnys  ci-dessus. 

Le  potentiel  de  cette  technique  est  considyrable .  Elle  constitue  un  outil  efficace  et  rigoureux  pour 
l'ytude  de  1' influence  des  non-linyaritys  sur  le  vol  de  1' avion.  Outre  les  indications  qu'elle  fournit 
yvidemment  sur  la  limite  de  validity  des  calculs  lindarisds,  elle  permet  d'envisager  syrieusement  une 
approche  dyterministe  des  problAmes  de  pertes  de  contrSle.  Il  reste  entendu  que  la  quality  du  rdsultat 
sera  directement  fonction  de  la  quality  du  module  ayrodynamique.  Mais  la  constitution  du  modAle  requis 
est  peut-€tre  un  problAme  moins  difficile  qu'on  pourrait  le  craindre. 

En  effet,  certains  des  rdsultats  d* application  mem  -  ds  dans  ce  texte  tendent  A  montrer  qu'un 
modAle  statique  -mdme  A  trAs  grande  incidence-  suffit  ddju  a  rendre  compte  de  comportements  irrdguliers 
et  agitAs,  qui  eussent  dtd  qualifies  de  pseudo-aldatoires  dans  un  contexte  essais  en  vol,  par  exemple. 

Enfin,  la  thdorie  des  bifurcations  constitue  le  premier  pas,  ddcisif,  dans  1 'dtablissement  d'une 
mdthodologie  pour  la  conception  de  systAmes  de  commandes  de  vol  qui  puissent  offrir  A  coup  sGr  une  protec¬ 
tion  contre  les  pertes  de  contrdle. 
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Fig.  5  -  Avion  A  :  Evolution  de  la  vitesse  de  roulis  d'iquHibre  en  tone- 
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Fig.  6  -  Avion  A  Simulation. 
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Fig.  7  -  Avion  A  :  Influence  de  la  profondeur. 


Fig.  8  -  Avion  A  :  Simulation. 
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Fig.  9-  Avion  A  :  Surface  de  bifurcation.  Loi  de 
pilotage  6/  =  <fi  f&nf. 


Fig.  10  -  Avion  A  :  Influence  de  la  loi  de  pilotage 
sur  la  vitesse  de  roulis 
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Fig.  14  -  Avion  B  :  Manoeuvre  n°  1  :  Prediction 


Fig.  16  -  Avion  B :  Manoeuvre  n° 2 :  Prediction. 
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Fig.  18  -  Avion  B  :  Manoeuvre  n°  2  .  Simulation. 
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SUMMARY 


Vought  has  surveyed  the  ability  of  a  variety  of  currently  available  engineering  type  methods  to 
predict  the  lateral/directional  characteristics  of  arbitrary  configurations.  The  programs  surveyed 
generally  had  either  non-  linear  or  arbitrary  body  capability,  but  not  both.  Published  comparisons 
oetween  the  Hypersonic  Arbitrary  Body  program  and  experimental  data  suggested  a  direct  extension  of  the 
commonly  used  A1 len-Jorgenson  cross  flow  analogy  to  arbitrary  bodies.  Though  useful,  however,  this 
extension  of  the  A1 len-Jorgenson  method  did  not  include  dynamic  pressure  losses  on  aft  lifting  surfaces. 

Vought  has  recently  begun  examination  of  a  non-linear  approach  which  computes  the  forces  on  a 
combined  booy/separated  region  contour  and  corrects  these  forces  by  an  empirical  momentum  deficit  in  the 
separated  region.  For  axisymetric  bodies  the  method  reduces  to  the  standard  A1 len-Jorgenson  cross  flow 
approach.  Two  potentially  major  advantages  over  the  A1 len-Jorgenson  method  are  that  the  method  does 
provide  a  model  for  predicting  body-fin  interaction  and  that  the  method  is  extendable  to  arbitrary 
bodies. 


NOMENCLATURE 

Ar  is  the  reference  area 
Ai  *  Area  of  Physical  Body 
A^  =  Area  of  Combined  Body 
a  is  semi  width 
b  is  semi  height 

£  is  the  length  adjusted  cross  flow 
drag  coefficient 

(Cn/cn0)  is  the  shape  adjustment  based  on 

Newtonian  Newtonian  theory 
C4  is  the  coefficient  of  momentual  deficit 
F  =  Y  +  i  N 
L  is  the  body  length 
N  =  the  normal  force 
R  is  the  equivalent  radius 
q  =  v  +  i  w 

1.  INTRODUCTION 


FIGURE  1  Advanced  Configuration 


V  is  the  free  stream  velocity 

v  is  the  lateral  velocity  component 
W  is  the  complex  potential 
w  is  the  vertical  velocity  component 
S.K  is  the  distance  between  cross  sections 

Y  =  the  side  force 


o  is  the  angle  of  attack 
s  is  the  angle  of  side  slip 

is  the  free  stream  density 
V.  is  ARC  TAN  °a/$b 


The  preliminary  design  assessment  of  the 
maneuverability  of  advanced  configurations 
requires  adequate  predictions  of  aerodynamic 
characteristics.  Many  of  these  configurations, 
such  as  those  shown  in  Figure  1,  blend  the 
propulsive,  lifting,  and  load  carrying,  elements 
to  form  an  efficient  air  frame.  To  analyze  such 
configurations  Vought  has  combined  many  of  the 
currently  available  methods  into  an  analysis 
system  called  VAAAS.  A  modular  cons,  t.ction 
philosophy  allows  new  methods  to  be  easily 
incorporated  as  acquired.  This  system  has 
permitted  a  systematic  examination  of  current 
methods  that  predict  lateral  directional 
characteristics  of  advanced  configurations.  Of 
the  methods  examined  only  the  Hypersonic 
Arbitrary  Body  Program  (HABP)  had  even  limited 
non-linear  aerodynamic  predictive  capability  for 
arbitrary  geometries.  Good  agreement  between 
prediction  and  experimental  data  from  the 
Aerodynamic  Configured  Missile  (ACM)  study  (e.g.. 
Reference  1)  initially  suggested  a  Newtonian  flow 
modification  to  the  A) len-Jorgenson  cross  flow 
analogy.  This  modification  has  been  accomplished 
and  has  proven  useful  in  predicting  lateral 
directional  characteristics  of  arbitrary  lifting 
body  configurations.  For  complete  configurations 
the  Newtonian  modification  did  not  provide 
adequate  estimation  of  body-fin  interaction. 
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Recently  Vought  has  been  investigating  an  approach  suggested  by  work  performed  at  the  Naval  Weapons 
Center  (NWC)  in  which  the  potential  flow  is  computed  based  on  the  physical  body  and  the  separated  flow 
region  to  the  lee  of  the  body.  A  simple  separated  flow  model  is  then  applied  to  the  flow  inside  the 
separated  region.  The  method  reduces  to  the  Allen-Jorgenson  analogy  as  a  special  case  but  is  expected  to 
also  estimate  the  body-fin  interactions  so  critical  to  the  prediction  of  lateral  directional 
characteristics. 

2.  VOUGHT  AUTOMATED  ANALYSIS  SYSTEM  (VAAASJ 

VAAAS  is  divided  into  three  basic  parts.  These  parts,  illustrated  in  Figure  2,  are  the  geometric 
input,  analysis,  and  output  display.  The  input  and  display  functions  of  the  system  are  common  to  all 
analysis  methods.  To  maintain  this  commonality,  an  input  pre-processor  and  an  output  post-processor  for 
each  method  are  included  in  the  system.  This  serves  two  purposes.  First  it  maintains  the  basic  systems 
structure,  and  second  each  analysis  methods  maintains  a  stand  alone  capability. 

A  primary  task  in  the  analysis  of  an  arbitrary  configuration  is  the  formulation  of  the  digitized 
computer  input.  In  the  VAAAS  system,  configurations  are  formed  and  stored  as  components  using  a 
Hess-Smith  quadralateral  representation  (Reference  2).  Three  options  are  available  for  inputting  these 
components;  cards,  digitizing  tablet  and  utilization  of  specified  shapes.  Early  in  a  design,  a  digitizing 
tablet  input  is  inefficient  since  accurately  scaled  cross  sections  are  required.  An  example  of  the 
geometry  input  is  illustrated  in  Figure  3. 


FIGURE  2  Program  Organization 


FIGURE  4  Terminal  Output 
3.  ANALYTICAL  METHODS  SURVEYED 


FIGURE  3  Typical  Panel  Geometry 

Because  each  analytical  method  maintains  its 
orginial  form,  the  standard  program  output  is 
available.  But  for  most  evaluation  purposes 
graphical  presentations  are  more  convenient.  It 
is  desirable  that  these  presentations  include  not 
only  analytical  configuration  analysis,  but 
comparisons  with  experimental  data,  when 
possible.  To  aid  in  both  purposes  the  VAAAS 
output  post  processors  store  the  results  of  the 
analytical  programs  on  index  sequential  files  in 
the  same  form  as  results  stored  from  wind  tunnel 
test  examinations.  Consequently,  both  analytical 
and  experimental  files  can  be  accessed  through 
computer  procedures  for  either  interactive 
presentation  using  the  Tecktronix  4014  or  hard 
copy  Calcomp  type  plots  for  formal  presentations. 
Examples  are  shown  in  Figure  4. 


At  present  VAAAS  contains  the  analytical  routines  illustrated  in  Figure  5.  Of  these  only  the 
“ADVANCED"  routines  have  significant  arbitrary  body  capability,  and  only  the  Hypersonic  Arbitrary  Body 
Program  (HABP)  has  both  arbitrary  body  on  non-linear  capability.  This  particular  program  has  been 
extensively  compared  with  experimental  data  for  arbitrary  configurations,  for  example  the  aerodynamic 
configured  missile  (ACM  studies  reported  In  Reference  1}.  The  results  obtained  to  date  are  quite 
encouraging;  however,  the  limitation  of  the  program  to  higher  Mach  numbers  limits  its  usefulness. 
Previous  experience  indicated  non-linear  capability  and  particularly  a  procedure  for  the  shadowing  of  one 
component  by  another  is  of  critical  Importance  for  determining  lateral  directional  characteristics. 
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Recently  a  number  of  groups,  such  as  the  Naval 
Surface  Weapons  Center  and  Nielsen  Engineering, 
have  initiated  research  efforts  to  develop 
non-linear  methods  for  non-circular  bodies. 

These  efforts,  however,  are  still  in  the 
development  stage.  As  these  or  other  new  codes 
reach  “production"  status  Vought  intends  to 
incorporate  the  more  appropriate  ones  into  the 
VAAAS  system.  However,  until  such  codes  are 
available,  some  modification  of  existing  methods 
is  required.  Both  the  MICOM  and  the  Moore-NSWC 
programs,  illustrated  in  Figure  5,  estimate  the 
non-linear  effects  through  variations  on  the 
axisymetric  version  of  the  A1 len-Jorgenson 
method.  Reference  3.  Because  of  the  nature  of 
this  method,  the  proper  way  to  extend  the 
approach  to  non-circular  configurations  (and 
particularly  to  the  prediction  of  lateral 
directional  characteristics)  is  not  obvious. 
Jorgenson,  in  Reference  3,  suggested  an  approach 
in  which  the  Newtonian  force  on  a  given  cross 
section  is  ratioed  to  that  of  a  circular  cross 
section.  This  ratio  is  then  used  to  modify  the 
empirical  cross  flow  drag  coefficient 
in  the  non-linear  computation. 

This  results  in  the  expansion  (taken  directly  from  Reference  3). 


a(d/CN\ 

=  2n  C.  SIN2 

fl , 

( cn  \  R  dx 

\d7L/  nonlinear 

G 

ar 

i  1 

'•C NEWTONIAN 

4.  NEWTONIAN  EXTENSION  OF  ALLEN-JORGENSON  ANALOGY 

While  Jorgensen's  original  suggestion  is  limited  to  angle  of  attack  variation,  the  conceptual 
iaea  of  computing  the  Newtonian  force  on  a  section  and  then  empirically  correcting  the  results  based  on 
test  data  for  circular  cylinders  is  at  least  feasible,  (in  practice  the  task  is  simpler  if  the  angle  of 
attack/side  slip  dependence  is  included  in  the  Newtonian  factor.)  Indeed  the  ACM  experience.  Reference  1, 
with  the  Hypersonic  Arbitrary  Body  program  suggests  this  extension  of  the  A1 len-Jorgenson  method  may 
produce  satisfactory  results  at  least  at  the  higher  Mach  numbers.  Such  a  computation  has  been  carried  out 
explicitly  for  an  elliptic  cross  section.  The  resulting  side  force  factor  is 

&  -  !1 

2cos"9o  „  r  (b/a)2e2  -  oc21  -ocB  4b/a  sin?o 
'  1  -  !Va)2  U  J  1  -  (b/a)2 

+at6[T^l7I  J2/3  TANH  _1 1  VTl^T)2  a>b 

The  constant  of  proportionably  is  somewhat  arbitrary.  The  direct  adaptation  of  Jorgenson's  work  would  be 
to  use  a  proportionably  factor  of  3/8  1/  VIE,  but  Vought  experience  suggests  the  Vaf>  not  be  included  and 
appropriate  changes  be  made  in  the  A1 len-Jorgenson  integral.  The  complexity  of  this  explicit  relation 
illustrates  the  necessity  of  machine  computational  procedures  for  evaluating  the  Newtonian  factor  for 
truly  arbitrary  bodies.  Experience  with  the  Hypersonic  Arbitrary  Body  Program  suggests  the  required 
coding  procedures  are  already  available. 

In  carrying  out  his  Newtonian  computations,  Jorgenson  assumed  that  the  lee  side  of  the  section 
approached  vacuum  conditions.  The  ACM  studies  of  Reference  1  found  this  assumption  was  only  satisfactory 
at  very  high  Mach  numbers.  In  the  ACM  studies  a  modified  pressure  relation  was  required  for  good  data 
correlation.  Also,  Jorgenson  did  not  address  the  shielding  problem. 

5.  ANALYTICAL  COMPARISONS 

For  evaluation  of  potential  procedures  Vought  has  relied  heavily  on  the  experimental  data  for  the 
configuration  shown  in  Figure  6.  This  configuration  offers  a  variety  of  cross  sectional  variations  and 
has  been  extensively  tested  by  NASA  at  supersonic  speeds. 

The  body  inlet  side  force  characteristics  of  the  three  configurations  at  a  Mach  number  of  2.50 
are  snown  in  Figure  7.  Also  shown  is  the  Newtonian  extension  of  the  A 1 len-Jorgenson  method  for 
configuration  Bill.  (In  performing  this  computation  the  inlet/body  cross  section  was  assumed  to  be 
elliptical.)  The  general  shape  of  the  curve  is  encouraging.  It  is  interesting  to  note  the  effect  of 
inlet  orientation  on  the  shape  of  the  curves.  Both  the  Ij  and  I3  inlet  curves  show  a  far  more  complex 
dependency  on  angle  of  attack.  The  dotted  line  across  the  curves  illustrates  the  attitude  at  which  the 
windward  inlet  is  aligned  with  the  cross  flow.  Each  curve  tends  to  be  linear  for  an  angle  of  attack 
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FIGURE  6  Test  Configuration 


Increment  that  is  "roughly  symmetric"  about  this 
point.  At  the  higher  angle  of  attack  end 
“linearity"  of  this  region  there  Is  a  noticeable 
reduction  In  the  slope  of  the  curve.  (Indeed  the 
side  force  declines  locally  for  the  I2  inlet.) 
After  readjustment  the  curves  are  roughly 
parallel  to  the  Bilj  inlet.  This  behavior  is 
consistent  with  the  Newtonian  approach  since,  at 
large  angle  of  attack  the  separation  pattern  for 
each  cross  section  would  be  similar. 


A  component  build  up  for  the  I2  configuration  is  shown  in  Figure  8.  Of  particular  Interest  is 
the  full  component  characteristics.  Note  that  the  side  force  begins  to  drop  off  around  3  degrees  probably 
due  to  shielding  of  the  vertical  fin.  This  side  force  decline  continues  up  to  around  14  degrees  at  which 
time  the  fin  should  be  totally  blanked.  At  this  point  the  side  force  again  picks  up  and  maintains  a  slope 
roughly  parallel  to  that  produced  by  the  wing  effects.  As  would  be  expected  the  data  appears  to  confirm 
the  need  for  shadowing  effects  in  any  good  lateral  directional  computational  procedure.  Thus,  while  the 
Newtonian  extension  of  the  Allen-Jorgenson  method  contains  several  potentially  useful  features,  additional 
improvements  are  necessary.  Current  work  along  these  lines  are  discussed  in  the  next  section. 


FIGURE  7  Body  Inlet  Comparisons  FIGURE  8  Wing  Tail  Effects 


6.  PROJECTED  IMPROVEMENTS 


A  principle  shortcoming  of  the  methods  considered  is  their  inability  to  predict  the  vortex  and 
separated  flow  regions  which  develop  at  angle  of  attack.  These  flow  regions  have  significant  impact  on 
the  lateral /directional  characteristics  primarily  because  of  effects  on  the  vertical  tails.  Even  with 
computer  advances,  the  adequate  representation  of  these  regions  is  still  beyond  the  current  practical 
state  of  the  art.  The  most  ambitious  efforts  Involve  the  Reynolds  averaged  Navier  Stokes  Equations.  Not 
only  are  these  codes  large  and  time  consuming,  but  also  success  is  critically  dependent  on  the  turbulence 
model  used.  Unfortunately  an  effective  universal  turbulence  model  does  not  now  exist.  A  second  approach 
is  the  multi  vortex  codes  procedured  by  Wardlow  and  Nielsen.  To  date  these  codes  have  been  limited  to 
simple  geometry.  The  codes  have  a  fundamental  problem  in  that  a  "cloud"  of  discreet  vortex  elements,  no 
matter  how  carefully  choosen,  do  not  represent  the  physical  flow  phenomena  within  the  bound  of  the  cloud. 
For  example,  axial  momentum  deficits  within  the  separable  region  are  not  easily  represented  within  the 

region  while  the  vortex  "swirl"  flows  are  locally 
exaggerated.  Thus,  the  model  Is  overly  complex 
for  predicting  flow  fields  outside  the  separated 
region  without  offering  a  physically  meaningful 
model  within  the  separated  region.  The 
shortcomings  of  this  finite  vortex  model  have 
suggested  a  simpler  approach  which  may  be  equally 
valid  physically  and  a  good  deal  more  efficient 
computationally.  This  is  to  treat  the  potential 
flow  around  a  composite  body/ separated  region  and 
then  treat  the  separated  region  in  a 
comparatively  simple  fashion.  Vought  has  made 
some  preliminary  estimates  within  slender  body 
theory  using  a  conceptual  approach.  In  these 
estimates,  the  boundary  of  the  separated  region 
is  assumed  to  be  generated  by  lines  parallel  to 
the  free  stream  velocities  as  shown  in  Figure  9. 
While  this  is  an  obvious  over-simplification,  It 
does  Include  many  of  the  critical  features  of  the 
FIGURE  9  Conceptual  Model  comparison. 
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From  slender  body  theory.  Reference  4  the  complex  force  on  an  element  of  the  combined  body/ separated 
region  is: 

F  •  -i  P-V-  ^  A1 

Altering  the  expression  to  included  the  momentum  deficit  gives  the  expression. 

F  -  J  M  d^.  -  U  [Ai  +  C  4  (A2  -  Ai)j 

For  a  simple  illustration  of  the  conceptual  approach,  consider  a  circular  body  with  an 
approximately,  elliptic  combined  body.  (Similar  to  that  shown  in  Figure  9.)  Because  of  the  geometry  It 
is  sufficient  to  consider  only  angle  of  attack. 


F  =  i  N 
q  «  -  i  w 

For  an  ellipse  the  appropriate  Laurent  expansion  of  the  complex  potential  is 

w  -  '  w~>  <  a  -  *>  la  1 b)  +  •••) 

*  zf 


Therefore  around  a  closed  contour: 


M  dz  >  -w^  b(a  +  b) 


(2  »  ) 


Similarly  the  areas  are: 


Ai  -  «  b2 

A2  «  *  a  b 


This  leads  to  a  force  estimation: 

N  -  <3,  V^Ww(C  a  .  b2  +  (1-C  a)  »  (ab) 

For  a  body  lamina 

d  Cn  =  2  (C4  d  (  rr  t»2)  +  (1  -  C .  )  d  (rab) 

~3x~  dx  "dx 


Simplifying  to  a  high  fineness  ratio  body: 


-  b  +  x  «/a 


Hence; 


dCn  »  2o<J(»b2)  +  ( 1  —  Ca )  2<*^  fa  +  •  •  • 
dx  dx 

Note  this  is  identical  in  form  to  the  AI len-Jorgenson  cross  flow  method  with 

Cdc  ~  1/2  (1  -  Ca) 

This  approach  has  two  major  advantages  over  classical  Allen  Jorgenson  theory.  First  separated 
flow/fin  interference  is  estimated  since  the  region  of  influence  is  bounded.  Second,  at  least 
conceptually,  the  approach  is  directly  extended  to  arbitrary  cross  sections  at  arbitrary  roll 
orientations.  Both  these  advantages  stem  a  methodology  that  is  nearer  to  a  rational  perturbation 
philosphy  (e.g.  related  to  boundary  layer  theory)  than  to  an  analogy.  Indeed  by  employing  an  "inner* 
model  to  the  separated  flow  a  fully  rational  Iteration  scheme  might  be  possible. 

Vought  has  adapted  this  preliminary  model  to  the  APAS  slender  body  method,  etc.  Starting  at  the 
nose,  an  initial  cross  section  is  projected  back  along  the  free  stream  velocity  vector.  This  is 
accomplished  by  the  simple  translation. 


yi  -  aXisin  g 
2j  ■  aX^cos  g  sin  a 
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At  the  next  station  this  produces  possibly  two 
overlapping  cross  sections,  as  shown  In  the  first 
part  of  Figure  10.  A  Cauchy  Integral  criteria  Is 
used  to  remove  Interior  arcs  and  then 
sequentially  connects  the  remaining  segments,  as 
Illustrated  by  the  middle  part  of  Figure  10. 

These  cross  sections  are  combined  Into  a  single 
cross  section,  a  shown  schematically  In  the 
second  part  of  Figure  10. 

The  flow  around  the  combined  cross  section  is 
computed  using  the  slender  body  subroutines  of 
APAS.  The  computation  is  continued  by  projecting 
the  combined  section  back  to  the  next  body 
segment,  etc.  The  computation  of  the  momentum 
deficit  correction  to  the  force  involves  only  the 
determination  of  the  difference  in  the  cross 
sectional  area  of  the  combined  and  body  cross 
sections  and  the  coefficient  of  momentum 
deficit.  For  present  purposes  the  Cqc  curve 
of  MOORE  in  the  NSWC  program  is  used  to  infer 
Ca.  While  the  basic  methods  are  linear,  a 
non-linear  result  is  produced  since  the  cross 
sectional  geometry  of  the  combined  flow  field  now 
changes  with  angle  of  attach  as 
well  as  side  slip. 


The  procedure  is  still  in  the  early  stages  of 
evaluation.  Because  of  the  close  connection  with 
more  conventional  cross  flow  methods,  several  of 
the  more  prominent  shortcomings  of  the 
Allen-Jorgenson  method  will  likely  remain  in  the 
present  formulation.  Because  of  the  tendency  of 
the  current  approach  toward  a  rational 

perturbation  procedure,  several  potential  avenues  to  correcting  these  shortcomings  are  open.  This  would 

include  a  more  rational  selection  of  separation  boundary  and/or  improved  model  of  the  separated  region. 
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SUMMARY 

The  variations  of  camber  and  twist  along  a  wing  required  for  optimum  performance  in  low  • g 1  (cruise) 
and  high  1 g '  (combat)  flight  are  discussed.  It  is  shown  that  a  wing  with  active  leading-edge  and 
trai 1 ing-edge  manoeuvre  devices  scheduled  with  angle  of  attack,  and  structurally  tailored  to  control 
aeroeiastic  bending  and  torsion,  can  approach  optimum  performance.  However  the  torsional  stiffness  of 
such  a  wing  may  be  too  low  for  satisfactory  roll  control  at  high  airspeeds  in  supersonic  flight.  Some 
compromise  to  performance  is  implied  if  torsional  stiffness  has  to  be  increased  to  provide  adequate 
control  capability. 


1.  INTRODUCTION 

The  advent  of  transonic  three-dimensional  computational  flow  prediction  methods,  together  with  more 
powerful  computers,  affords  the  wing  design  aerodynamicist  with  the  means  for  a  far  more  accurate 
determination  of  the  optimum  wing  shape  for  best  performance  over  a  range  of  important  design  points. 

At  each  condition  the  aerodynamicist  will  define  camber  and  twist  distributions  along  the  span  of  the 
wing.  These  requirements  are  to  be  met  by  a  combination  of  mechanical  means  -  appropriately  scheduled 
leading-edge  and  trai I ing-edge  manoeuvre  devices  -  together  with  aeroeiastic  distortion  of  the  structure 
under  the  loads  applied  to  it.  Structural  tailoring  is  carried  out  to  achieve  the  required  aeroeiastic 
properties,  use  of  carbon  fibre  composite  materials  increasing  the  scope  for  change. 

Besides  aiming  for  the  wing  shape  offering  optimum  performance  the  structural  designer  must  respect 
other  aerodynamic  requirements.  In  particular  roll  control  effectiveness  must  be  retained  at  high  speed, 
and  margins  from  flutter  must  be  provided.  This  paper  considers  the  compatibility  of  the  control  and 
performance  requirements  for  an  aeroelastical ly  tailored  wing.  It  Is  assumed  that  flutter  considerations 
are  fully  accounted  for  during  tailoring.  Data  presented  is  based  on  the  results  of  a  parametric 
investigation  of  aeroeiastic  tailoring  on  a  family  of  wings  covering  planform  variables  applicable  to 
a  fighter  al rcraft. 

2.  QUASI -STATIC  AEROELASTICS 

To  aid  understanding  of  later  parts  of  the  paper  a  brief  introduction  to  the  mechanics  of  aeroeiastic 
distortion  is  given. 

Figure  1  shows  the  undistorted  and  equilibrium  distortion  positions  of  a  swept  back  wing  carrying 
load.  Twisting  of  the  wing  due  to  loads  applied  ahead  of  or  behind  the  flexural  axis  is  easily  understood. 
What  is  perhaps  less  obvious  is  that  while  loads  applied  on  the  flexural  axis  by  definition  cause  pure 
bending  of  that  axis  i.e.  zero  twist  in  planes  normal  to  it,  in  the  free  stream  direction  nose  down  twist 
(wash  out)  results  on  wings  with  swept  back  flexural  axes.  Figure  1  illustrates  this  case.  Deflection 
of  a  trailing  edge  control  causes  nose  down  twist  from  both  torsion  and  bending. 

Nose  down  twist  reduces  the  local  angle  of  attack  on  the  wing  section  and  therefore  aerodynamic  loads 
are  reduced.  Hence  flexible  wing  lift  curve  slopes  are  less  than  rigid  wing  values  (unless  the  flexural 
axis  is  designed  to  be  well  aft  and/or  unswept)  and  trai I ing-edge  control  effectiveness  is  reduced  by 
flexibility. 

In  the  case  of  a  swept  forward  wing  bending  along  the  ftexural  axis  causes  nose  up  twist  (wash  in). 
This  effect  reduces,  or  even  reverses  the  torsional  nose  down  twist  due  to  deflection  of  a  trailing  edge 
control.  This  situation  is  quite  attractive  but  careful  design  (using  carbon  fibre  composite  materials) 
is  needed  to  achieve  a  satisfactory  wing  free  from  divergence  at  high  speed  and  to  avoid  excessive  mass. 
Such  matters  are  beyond  the  scope  of  the  present  paper. 

3.  OPTIMUM  CAMBER  AND  TWIST 

Figure  2  shows  typical  section  profiles  for  optimum  performance  (maximum  lift/drag  ratio)  at  low  • g ■ 
and  high  'g'.  The  required  change  in  camber  with  ' g '  Is  essentially  confined  to  the  extremities  of  the 
aerofoil  and  this  change  can  be  matched  approximately  by  progressive  deflection  of  leading-edge  and 
trai I ing-edge  manoeuvre  devices. 

Figure  3  shows  llft/drag  ratios  for  a  wing  with  various  manoeuvre  device  settings.  These  lines 
could  be  derived  theoretically  for  attached  flow  but  more  likely  result  from  wind  tunnel  testing  of  a 
rigid  model.  Optimum  performance  is  achieved  by  scheduling  the  manoeuvre  device  settings  with  angle  of 
attack  such  that  the  envelope  shown  by  the  dashed  line  Is  followed.  Typical  schedules  are  illustrated  in 
Figure  A.  Additional  decamberlng  at  low  angle  of  attack  might  be  applied  for  supersonic  speeds. 
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Twist  is  used  to  achieve  the  optimum  spanwise  distribution  of  lift  at  given  design  points. 

Requirements  are  almost  always  defined  by  calculation  but  spot  point  testing  of  a  'bent  wing'  model  can 
be  used  to  verify  the  final  design.  Typical  twist  requirements  at  low  1 g *  and  high  * g •  are  illustrated 
in  Figure  5-  The  twist  at  ig  is  largely  built  in  during  wing  manufacture  but  the  additional  twist  at 
high  ' g 1 ,  which  can  approach  10°  at  the  wing  tip,  must  be  achieved  aeroeiasticai ly.  Figure  6  shows  that 
the  required  twist  distribution  can  be  obtained  inboard  of  about  3/j,  semi-span  on  wings  constructed  from 
composite  materials.  In  the  tip  region  the  twist  requirement  is  not  achievable  due  to  reduced  loading 
and  the  need  to  maintain  torsional  stiffness  to  prevent  tip  flutter.  The  comparison  shown  in  Figure  6 
is  typical  of  that  for  a  range  of  planform  parameters  applicable  to  fighter  aircraft. 

AEROELAST I  C  RATIOS 

The  flexible  wing  to  rigid  wing  aeroelastic  ratios  for  the  wing  described  in  the  previous  Section  are 
now  considered.  Figure  7  shows  the  lift  curve  slope  ratio  at  Mach  numbers  of  0.9  and  1.2.  The  subsonic 
values  are  a  natural  consequence  of  the  twist  design  requirements  for  subsonic  conditions.  At  supersonic 
speeds  it  is  likely  that  specific  high  ‘ g '  twist  requirements  have  not  been  specified  and  the  lift  curve 
slope  ratios  are  therefore  fall-out  from  the  subsonic  design  cases.  Both  subsonic  and  supersonic  values 
are  acceptable. 

Trai I ing-edge  (flaperon)  roll  control  effectiveness  ratios  are  shown  in  Figure  8  at  the  same  Mach 
numbers.  Subsonically  the  situation  is  just  satisfactory  but  supersonically  flaperon  reversal  occurs  at 
relatively  low  airspeeds  even  when  only  the  inner  half  of  the  flaperon  is  used.  To  meet  the  subsonic 
twist  requirement  this  wing  was  tailored  to  have  a  welt  forward  flexural  axis  so  that  the  significant 
increase  in  torsional  stiffness  needed  to  restore  acceptable  roll  control  capability  at  supersonic  speeds 
would  reduce  aeroelastic  twist  and  therefore  introduce  a  performance  penalty.  The  penalty  at  high  • g ' 
(combat)  could  be  reduced  by  building  in  additional  twist  during  manufacture  though  this  ..ould  be  at  the 
expense  of  low  'g'  (cruise)  performance. 

Aeroelastic  tailoring  studies  for  other  planforms  suitable  for  fighter  aircraft  show  that  the  results 
of  Figure  8  are  some  of  the  more  severe.  Increasing  aspect  ratio  and  reducing  .taper  ameliorates  the  roll 
control  situation  though  not  to  a  sufficient  extent  to  make  it  acceptable. 

The  implications  on  performance  of  non-optimum  camber  and  twist  distributions  are  briefly  discussed 
in  Reference  1. 

5.  OTHER  CONSIDERATIONS 

In  the  foregoing  part  of  this  paper  interactions  between  the  flaperon  roll  controls  and  other  parts 
of  the  airframe  have  not  been  considered.  The  downwash  change  over  the  tailplane  and  sldewash  Induced 
over  the  fin  can  significantly  reduce  the  rolling  moment  available  from  flaperon  deflection.  These  effects 
were  discussed  at  the  'Aerodynamic  Characteristics  of  Controls'  Conference  in  1979  (Reference  2). 

6.  CONCLUSIONS 

The  advent  of  transonic  three-dimensional  computational  flow  prediction  methods  allows  spanwise 
camber  and  twist  distributions  to  be  defined  which  will  maximise  performance  over  a  range  of  flight 
conditions  including  cruise  and  combat.  Wind  tunnel  testing  of  conventional  and  ‘bent  wing1  models 
provides  a  complementary  means  for  checking  out  the  theoretical  predictions  and  extending  results  into 
regions  where  the  theory  is  not  applicable. 

Camber  requirements  can  be  met  by  actively  scheduling  leading-edge  and  trai 1 ing-edge  manoeuvre 
device  settings  with  angle  of  attack.  Twist  variations  must  be  achieved  aeroeiasticai ly. 

Aeroelastic  tailoring  enables  the  separate  twist  distributions  needed  at  low  ‘g1  and  high  'g1  to  be 
approached  through  built  in  twist  at  low  'g't  aeroelastic  distortion  at  high  ' g 1 .  However  the  resulting 
torsional  stiffness  of  the  wing  may  be  low  and  trai 1 ing-edge  roll  control  effectiveness  unacceptable  at 
high  airspeeds  in  supersonic  flight.  Increasing  torsional  stiffness  to  provide  satisfactory  roll  control 
effectiveness  implies  performance  must  be  compromised. 
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SUMMARY 


An  evaluation  is  presented  of  the  drag-due-to-lift ,  maximum  lift,  and  stability  and 
control  characteristics  of  tailless,  canard,  and  aft  tail  configurations  of  highly 
maneuverable  combat  aircraft,  using  both  aerodynamic  surfaces  and  vectored  thrust  for 
pitch  control.  The  same  low  aspect  ratio  wing  planform  was  used  on  all  the 
configurations.  Control  configured  vehicle  concepts  were  employed.  Variable  wing  camber 
employing  leading  edge  and  trailing  edge  flaps  was  used  to  reduce  profile  drag.  The 
center  of  gravity  was  located  as  far  aft  as  allowed  by  the  stability  and  control  criteria, 
in  order  to  reduce  subsonic  and  supersonic  trim  drag. 

The  critical  pitch  control  criterion  was  found  to  be  the  providing  of  adequate  nose- 
down  pitch  acceleration  in  the  angle  of  attack  region  near  maximum  lift.  The  aft  center 
of  gravity  limits  for  both  tailless  and  canard  configurations  without  pitch  thrust 
vectoring  were  required  to  be  forward  of  the  optimum  location  for  minimum  subsonic 
maneuver  trim  drag.  The  aft-tail  configuration  was  not  limited  in  this  manner.  In 
addition  it  could  attain  a  higher  subsonic  maximum  lift.  It  also  had  a  greater  design 
flexibility  since  the  aft  center  of  gravity  limit  could  be  influenced  by  the  tail  area. 

For  these  reasons  it  was  the  preferred  configuration. 

The  addition  of  pitch  thrust  vectoring  to  the  canard  and  aft-tail  configurations  was 
considered  inappropriate.  In  both  cases  it  is  redundant  since  both  configurations  already 
have  a  control  capability  separate  from  the  wing,  and  in  both  cases  it  cannot  be  used  to 
improve  the  subsonic  trim  drag.  Addition  of  pitch  thrust  vectoring  to  the  tailless 
configuration  improved  the  subsonic  and  supersonic  trim  drag  to  the  extent  that  the 
combined  configuration  could  be  considered  comparable  to  the  aft-tail  configuration. 
Additional  design  studies  would  be  required  in  order  to  make  a  decision. 


SYMBOLS  AND  ACRONYMS 


AOA.o*- 

Angle  of  attack 

a.c. 

Aerodynamic  center 

o-g. 

Center  of  gravity 

c.p. 

Center  of  pressure 

% 

Deflection 

L/D 

Lift/drag  ratio 

LEF 

Leading  edge  flap 

MAC 

Mean  aerodynamic  chord 

PTV 

Pitch  thrust  vectoring 

SM 

Static  margin 

TEF 

Trailing  edge  flap 

Introduction 

Combat  aircraft  maneuverability  is  an  important  aspect  of  the  total  air  combat 
effectiveness.  Performance  and  flying  qualities  characteristics  are  the  prime  ingredients 
in  maneuverability.  These  characteristics  can  be  studied  in  aerodynamic  terms  by  an 
evaluation  of  drag-due-to-lift  at  low  angle  of  attack,  maximum  lift  capability,  and 
stability  and  control  parameters  over  a  wide  angle  of  attack  range. 

The  paper  describes  an  evaluation  of  the  longitudinal  stability  and  control,  maximum 
lift,  and  drag-due-to  lift  characteristics  of  tailless,  canard  and  aft  tail  configurations 
using  both  aerodynamic  surfaces  and  vectored  thrust  for  pitch  control.  The  main  objective 
was  to  understand  the  basic  principles  of  the  configurations,  rather  than  to  examine  them 
in  great  detail,  so  approximations  were  used  in  order  to  simplify  and  clarify  the 
presentation.  Also  it  must  be  recognized  that  many  other  factors  will  influence  the 
choice  of  a  tall  configuration,  such  as  arrangement  integration,  mission  requirements, 
cost,  etc.,  but  these  are  beyond  the  present  scope.  The  same  basic  wing  planform  having  a 
low  aspect  ratio,  high  leading  edge  sweep  and  low  taper  ratio  was  used  on  all  the 
configurations.  The  rationale  for  this  was  that  the  trend  is  in  this  direction  for  future 
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fighters.  In  addition,  the  tailless  configuration  requires  low  aspect  ratio  to  obtain 
adequate  control  moment  arm,  so  a  low  aspect  ratio  is  the  only  planform  that  can  be  used 
on  all  three  configurations.  Also  the  comparison  of  aft-tail  and  canard  configurations  is 
essentially  independent  of  the  wing  planform. 

The  configurations  are  shown  in  Figures  1,  2,  and  3.  The  canard  is  close-coupled  to 
the  wing  and  slightly  above  it.  A  low  aspect  ratio  highly  swept  canard  is  used  to  provide 
a  large  stall  angle  of  attack  with  no  abrupt  lift  loss.  No  canard  flaps  were  considered. 
All  three  configurations  have  the  same  canted  twin  vertical  tails. 

Control  configured  vehicle  concepts  were  employed.  An  active  control  system  wa3 
assumed  with  the  primary  control  provided  by  elevon,  canard  or  aft  tail,  with  and  without 
pitch  thrust  vectoring.  A  variable  camber  wing  employing  leading  edge  and  trailing  edge 
flaps  was  used  for  all  the  configurations.  Lateral-directional  stability  and  control 
characteristics  were  assumed  to  be  satisfactory  in  order  to  limit  the  scope  of  the  study. 

The  aerodynamic  performance  criterion  was  to  minimize  drag  for  the  primary  combat 
region  which  is  at  subsonic  speed,  with  angle  of  attack  ( AOA)  below  about  15°.  A 
secondary  consideration  was  to  maximize  lift  for  instantaneous  turns.  This  consideration 
does  not  permit  limiting  the  angle  of  attack  below  that  for  maximum  lift. 

For  supersonic  performance,  no  direct  evaluation  of  lift/drag  ratio  wa3  attempted. 
Instead,  for  comparison  purposes,  an  approximation  to  the  level  of  trimmed  drag-due-to- 
lift  was  used.  This  was  the  difference,  in  percent  of  the  mean  aerodynamic  chord  (MAC), 
between  the  allowable  aft  center  of  gravity  (c.g.)  and  the  optimum  c.g.  at  supersonic 
speed.  The  optimum  c.g.  was  based  on  the  assumption  that  for  a  tailless  configuraion , 
zero  elevon  deflection  is  optimum,  and  for  a  tailled  configuration,  the  tail  lift 
coefficient  should  equal  that  of  the  wing.  In  other  words,  the  optimum  c.g.  for  a 
tailless  configuration  Is  at  the  supersonic  aerodynamic  center  (a.c.),  and  for  a  tailled, 
at  the  tail-on  supersonic  a.c. 

Stability  and  control  criteria  were  established  relative  to  AOA  ranges  for  maneuvers 
and  relative  to  aft  center  of  gravity  (c.g.)  limits.  Pitch  trim  capability  and  fast 
response  to  controls  were  required  to  angles  of  attack  of  30°  to  40°  which  is  greater  than 
the  AOA  for  maximum  lift.  The  capability  of  trimmed  post-stall  operation  to  about  60°  AOA 
was  evaluated  as  an  option.  Positive  aerodynamic  stability  at  higher  AOA  was  provided  to 
preclude  departures  during  inadvertent  pitch  transients  at  low  airspeeds. 

Three  aft  c.g.  limit  criteria  were  applied,  in  order  to  provide  adequate  nose-down 
stall  recovery  pitch  acceleration  and  to  avoid  excessive  complexity  ip  the  flight  control 
system.  An  accurate  determination  of  the  required  nose-down  pitch  acceleration  would 
require  an  assessment  of  the  lateral-directional  stability  and  control  characteristics 
which  is  beyond  the  present  scope.  The  lateral-directional  characteristics  are  important 
due  to  the  influence  of  kinematic  and  inertial  coupling,  which  can  produce  unwanted 
no3e-up  pitch  rate  and  acceleration,  which  must  then  be  overcome  by  the  longitudinal 
control.  The  value  of  pitch  acceleration  used  here  in  the  cases  without  pitch  thrust 
vectoring  (PTV)  corresponds  to  about  0.3  rad/sec^  at  a  low  flight  dynamic  pressure  with 
full  nose-down  aerodynamic  control  deflection. 

PTV  can  supply  a  large  nose-down  acceleration  at  high  thrust  settings  which  would 
allow  the  c.g.  to  be  far  aft.  However  consideraion  must  be  given  to  lesser  thrust 
settings,  including  idle.  This  is  because  the  tactical  situation  may  call  for  a  defensive 
"break,"  and  the  desire  to  slow  down  and  force  the  opponent  to  overshoot.  Also  in  the 
case  of  engine  failure  at  high  AOA,  it  is  required  that  the  aircraft  be  recovered  to  low 
AOA.  The  criteron  used  here  in  the  cases  with  PTV  is  that  at  zero  thrust  the  pitching 
moment  at  any  AOA  may  not  be  positive,  but  can  be  allowed  to  be  essentially  zero.  Note 
that  in  this  study  the  only  use  of  PTV  was  to  provide  pitch  control  power;  its  use  to 
augment  lift  is  not  addressed. 

The  third  aft  c.g.  limit  criterion  Imposed  related  to  avoiding  excessive  complication 
in  the  flight  control  system.  Other  studies  have  indicated  that  the  control  system  rate 
required  increases  rapidly  as  negative  static  margin  is  increased  when  flight  in 
turbulence  is  considered.  Specialized  high  response  actuators  are  required  as  the  3tatic 
margin  becomes  increasingly  negative.  In  this  study  a  value  of  approximately  15*  MAC 
negative  static  margin,  tail-on,  was  established  as  the  limit. 

The  appropriate  negative  static  stability  level  defined  with  flaps  and  controls  fixed 
was  selected  for  each  configuration  to  optimize  performance  while  satisfying  the  stability 
and  control  criteria. 

Basic  Data  Common  to  All  Configurations 

For  the  wing-body  configuration,  subsonic  wind  tunnel  test  data  were  to  determine  the 

optimum  leading^and  trailing  edge  flap  deflection  schedules  to  minimize  drag  at  angles  of 
attack  up  to  15°.  In  practice,  an  iterative  process  is  used  to  select  the  deflections  of 
the  leading  edge  and  trailing  edge  flaps.  However,  to  simplify  the  presentation  we  will: 
first,  determine  the  optimum  leading  edge  and  trailing  edge  flap  deflection  schedules  to 
minimize  drag  at  angles  of  attack  from  0  to  15°;  second,  above  15°  angle  of  attack,  select 
flap  deflections  from  stability  and  trim  considerations;  third,  determine  the 
wing/fuselage  pitching  moments  with  these  flap  schedules;  and  fourth,  evaluate  the 


stability  and  control  of  the  three  complete  configurations,  first  using  either  elevon 
control,  canard  control  or  aft-tail  control,  and  then  adding  pitch  thrust  vectoring  in 
combination  with  the  aerodynamic  control  where  appropriate. 

Drag-due-to-lift  is  comprised  of  induced  drag,  profile  drag  and  trim  drag.  The 
induced  drag  of  all  the  configurations  is  the  same,  because  the  same  wing  planform  is 
used.  The  profile  drag  is  also  the  same  for  the  three  configurations,  because  the  same 
airfoil  and  flap  schedules  are  used.  The  trim  drag  then  constitutes  the  primary 
difference  among  the  three  tail  configurations. 

The  subsonic  wing  profile  drag  is  significantly  reduced  by  deflecting  the  leading 
edge  and  trailing  edge  flaps  with  varying  angle  of  attack.  This  is  sv'own  in  Figures  4  and 
5.  Figure  4a  shows  subsonic  drag  polars  for  three  leading  edge  flap  (LEF)  deflections, 

0° ,  20°,  and  30°.  It  indicates  as  expected  that  as  AOA  is  increased,  the  minimum  drag  is 
obtained  with  progressively  larger  LEF  deflections.  If  the  LEF  is  scheduled  automatically 
with  AOA,  the  envelope  drag  polar  indicated  can  be  obtained.  Figure  4b  shows  the 
resulting  LEF  deflection  schedule  with  AOA.  Figure  5  indicates  that  the  same  process  can 
be  carried  out  with  the  trailing  edge  flap  (TEF)  to  obtain  minimum  drag  at  all  lift 
coefficients,  with  the  LEF  deflection  scheduled  according  to  Figure  4b. 

At  supersonic  speeds,  trailing  edge  flaps  generally  do  not  reduce  drag,  so  it  is 
assumed  they  are  not  deflected.  Leading  edge  flaps  at  very  low  deflections  may  provide 
some  benefit,  depending  on  leading  edge  sweep  and  Mach  number. 

The  slope  of  scheduled  LEF  and  TEF  deflection  with  AOA  is  shown  in  Figure  6  as  a 
function  of  Mach  number,  showing  that  the  scheduling  is  reduced  at  transonic  speed,  and  no 
scheduling  above  some  supersonic  speed. 

In  determining  subsonic  trim  drag,  the  primary  factor  is  the  tail-off  pitching  moment 
which  determines  the  magnitude  and  basic  direction  (up  or  down)  of  the  tail  load  required 
for  trim.  The  tail-qn  pitching  moment  characteristics  are  only  used  to  determine  the 
local  flow  field  direction  and  tail  deflection  needed  to  achieve  the  required  trim  load, 
and  are  secondary  factors  in  trim  drag. 

Optimum  subsonic  trim  drag  occurs  at  zero  or  very  low  positive  tail  loads.  Therefore 
it  is  desirable  to  locate  the  center  of  gravity  (c.g.)  to  operate  at  the  tail-off  center 
of  pressure  with  scheduled  leading  edge  and  trailing  edge  flaps. 

The  pitching  moments  obtained  at  various  LEF  deflections  are  shown  in  Figure  7  as 
well  as  with  scheduled  LEF.  The  moment  center  was  chosen  to  produce  a  negative  static 
margin  (SM)  of  -15$  of  the  mean  aerodynamic  chord  (MAC).  This  selection  is  arbitrary  at 
this  point.  The  reason  for  that  amount  of  negative  SM  is  shown  in  Figure  8,  which  shows 
pitching  moments  for  various  TEF  deflections  with  scheduled  LEF  deflections.  Also 
superimposed  is  the  data  for  TEF  deflections  scheduled  for  minimum  drag.  The  flap 
incremental  lift,  drag,  and  pitching  moments  are  such  that  when  flaps  are  scheduled  for 
minimum  drag,  there  results  an  effective  increase  in  "stability"  at  low  angle  of  attack 
equivalent  to  about  15$  MAC  for  this  class  of  planforms.  Therefore,  the  optimum  subsonic 
trim  drag  (zero  tail  load)  at  low  angle  of  attack  is  achieved  when  the  aircraft  is  15$  MAC 
unstable  with  the  tail  off  and  flaps  fixed  at  low  AOA. 

Optimum  supersonic  trim  drag  occurs  at  slightly  positive  tail  load;  therefore, 
optimum  supersonic  trim  drag  is  achieved  with  approximately  neutral  aircraft  stability 
with  tail  on  and  flaps  zero. 

This  aft  c.g.  location  associated  with  the  scheduled  flaps  at  subsonic  speed 
significantly  improves  the  supersonic  drag-due-to-lift.  With  this  type  of  wing  planform, 
the  art  shift  of  the  aerodynamic  center  (a.c.)  from  subsonic  to  supersonic  speed  is 
apprr -.imately  15$  MAC,  as  shown  in  Figure  9,  so  that  the  c.g.  would  be  located 
approximately  at  the  supersonic  a.c.,  tail-off,  providing  a  low  level  of  trim  drag. 

The  lift  curves  are  shown  in  Figure  10,  showing  that  maximum  lift  is  attained  at 
about  25°  AOA. 

The  other  basic  data  required  is  the  effectiveness  of  the  pitch  thrust  vectoring 
(PTV)  to  be  applied  where  appropriate.  Engine  size  is  assumed  to  produce  a  take-off 
thrust  to  weight  ratio  of  1.1.  A  maximum  thrust  vector  angle  of  30’  is  used.  The 
resulting  pitching  moment  coefficient  available  from  I’TV  is  shown  in  Figure  1 1  as  a 
function  of  Mach  number.  The  values  3hown  are  those  available  from  the  gross  thrust;  no 
interference  effects  are  included. 

The  previous  discussion  has  related  to  the  basic  wing-body  aerodynamics  and  PTV.  Now 
these  data  will  be  used  in  applications  to  each  of  the  three  tail  configurations: 
tailless,  canard,  and  aft  tail.  For  each  configuration  the  stability  and  control 
considerations  will  dictate  an  allowable  aft  c.g.  limit.  Since  -15$  SM  with  tail  off  has 
been  shown  to  be  the  value  for  minimum  subsonic  trim  drag,  the  extent  to  which  each 
configuration  can  approach  that  value  will  determine  its  level  of  trim  drag  compared  to 
the  minimum. 


Tailless  Configuration 


The  tailless  configuration  subsonic  stability  and  control  characteristics  are  shown 
in  Figure  12.  Figure  12a  shows  data  at  the  same  c.g.  as  that  at  which  the  wing-body  data 
were  presented,  that  for  -15$  SM,  the  optimum  location  for  drag.  It  will  be  seen  that 
there  is  a  large  range  of  AOA  at  which  the  configuration  cannot  be  trimmed,  even  with  full 
TEF  deflection  of  30°.  30*  deflection  of  a  simple  hinged  TEF  produces  the  maximum 

available  nose-aown  moment.  It  is  clear  that  the  c.g.  must  be  moved  somewhat  forward  of 
the  optimum  aft  location.  The  degree  of  c.g.  movement  is  determined  by  the  minimum 
required  amount  of  nose-down  pitch  acceleration.  The  criterion  applied  here  is  to  provide 
0.3  rad/sec2  nose-down,  as  discussed  previously. 

The  data  in  Figure  12b  has  been  transferred  to  a  farther  forward  c.g.  to  produce  the 
nose  down  pitching  moment  required.  Instead  of  the  desired  -15$  SM,  it  has  only  -7$  SM. 
The  resulting  effect  on  trimmed  L/D  at  a  maneuver  lift  condition  is  shown  in  Figure  13  as 
a  function  of  SM.  At  the  allowable  aft  c.g.  the  L/D  is  11$  less  than  the  optimum. 

Considerations  relating  to  supersonic  trim  drag  are  indicated  in  Figure  14,  showing 
the  a.c.  variation  with  Mach  number.  Optimum  c.g.  locations  for  minimum  trim  drag  are 
shown  for  subsonic  and  supersonic  speeds.  As  discussed  above,  the  optimum  subsonic  c.g. 
location  is  that  corresponding  to  -15$  SM.  At  supersonic  speed,  neglecting  considerations 
of  wing  twist  and  camber  to  vary  the  pitching  moment  at  2ero  lift,  the  optimum  c.g. 
location  is  that  at  which  zero  elevon  deflection  is  required  for  trim;  that  is,  at  the 
supersonic  a.c.  The  subsonic  nose-down  pitching  moment  criterion  requires  that  the  c.g. 
be  8$  MAC  forward  of  the  optimum  supersonic  location  also.  Trailing-edge-up  elevon 
deflections  will  be  required  for  trim,  and  increased  trim  drag  will  result. 

The  configuration  is  stable  above  the  critical  AOA  region  as  indicated  by  the  elevon 
deflection  required  for  trim  shown  in  Figure  15.  The  sense  of  the  deflection  is  shown  as 
"Forward  Stick"  and  "Aft  Stick,"  as  though  the  pilot's  control  stick  were  directly 
connected  to  the  control  surface. 

Noted  at  the  right  of  the  figure  is  the  maximum  instability  in  terms  of  the  control 
deflection  per  degree  of  aircraft  AOA.  This  derivative  is  proportional  to  the  amount  of 
static  instability  and  inversely  proportional  to  the  control  effectiveness.  It  can  be 
considered  as  an  indication  of  the  rate  of  control  deflection  required  to  overcome  the 
aircraft  tendency  to  diverge.  The  value  will  be  used  in  comparing  the  three 
configurations.  Also  shown  is  the  maximum  deflection  required  to  provide  a  varying  AOA 
capability.  This  is  summarized  in  Figure  16,  showing,  for  example,  that  if  it  is  desired 
to  provide  an  AOA  operating  region  approaching  60°, the  required  total  elevon  deflection 
capability  is  60°  . 

The  maximum  trimmed  lift  capability  is  shown  in  Figure  17  as  a  function  of  SM.  The 
lift  and  moment  characteristics  of  the  flaps  place  the  highest  value  at  -10$  SM.  This 
value  of  -10$  SM  can  be  obtained  by  interpolating  between  the  data  in  Figures  12a  and  12b, 
and  setting  to  zero  the  pitching  moment  at  the  critical  AOA.  Thi3  produces  the  c.g.  at 
which  the  wing-body  aerodynamic  data  is  self-trimmed  and  incorporates  the  LEF  and  TEF 
deflection  for  maximum  lift.  Because  of  the  nose  down  pitch  control  requirement,  the 
tailless  configuration  with  -7$  SM  can  attain  only  about  95$  of  the  aerodynamic  lift 
capability. 

In  summary,  for  the  tailless  configuration,  without  the  use  of  pitch  thrust 
vectoring,  the  center  of  gravity  must  be  moved  8$  MAC  forward  c "  the  optimum  position  for 
subsonic  trim  drag.  This  is  necessary  to  provide  for  trim  and  pitch-down  control  at 
medium  angle  of  attack.  With  this  center  of  gravity  location,  the  tailless  configuration 
is  7$  MAC  unstable  at  low  AOA,  but  becomes  stable  above  25°  angle  of  attack.  Trimmed 
post-3tall  operation  can  be  achieved  up  to  higher  angles  of  attack,  if  desired. 

Adding  pitch  thrust  vectoring  permits  the  use  of  a  farther  aft  c.g.  location  and  more 
nearly  optimum  trailing  edge  flap  deflections  for  minimizing  drag-due-to-lift  at  subsonic 
and  supersonic  speeds.  The  criterion  for  allowable  aft  movement  of  the  c.g.  has  been 
discussed  above:  at  zero  thrust,  the  power-off  pitching  moment  is  not  required  to  be 
negative,  but  can  be  allowed  to  be  essentially  zero. 

The  allowable  aft  c.g.  movement  can  be  estimated  by  interpolating  between  the  -15$  SM 
data  in  Figure  1 ?a  and  the  -7$  SM  of  Figure  12b.  This  indicates  that  the  c.g.  can  be 
allowed  to  move  about  3$  MAC  farther  aft  than  in  the  case  without  PTV .  The  tailless 
configuration  with  PTV  then  has  -10$  SM  and  its  maneuver  L/D  is  within  7$  of  the  optimum. 
Using  the  PTV  to  furnish  trim  capability  could  provide  an  even  highe”  aerodynamic  L/D  but 
at  some  loss  of  thrust  component  in  the  flight  direction.  By  appropriate  scheduling,  the 
proper  combination  of  PTV  and  TEF  for  maximum  thrust-rainus-drag  could  be  provided  for  all 
maneuver  conditions. 

In  terms  of  supersonic  trim  drag,  the  c.g.  location  is  within  5$  MAC  of  the  optimum. 
Relative  to  subsonic  maximum  lift  without  thrust  effects,  the  c.g.  location  produces  the 
highest  value  obtainable.  Trimmed  post-stall  operation  to  high  angle  of  attack  is  again 
possible,  if  desired. 
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Canard  Configuration 


For  the  canard  configuration,  the  pitch  control  limits  are  shown  in  Figure  18a  for 
the  optimum  c.g.  which  has  15%  negative  SM  with  canard  off  and  flaps  fixed.  Again  a  large 
AOA  region  is  shown  to  be  untrimmable.  The  critical  AOA  is  about  60°,  where  the  canard 
has  very  little  nose-down  trim  capability.  To  provide  AOA  capability  to  60°,  increasing 
the  canard  size  is  very  ineffective,  so  the  c.g.  must  be  moved  forward.  The  resulting 
pitching  moments  are  shown  in  Figure  18b,  showing  that  the  required  nose-down  moment  is 
provided.  The  c.g.  is  again  8$  MAC  forward  of  the  optimum,  so  that  the  negative  SM, 
canard  off,  flaps  fixed  is  -7$.  The  canard  increment  in  stability  is  -10%  MAC,  so  with 
the  canard  on,  the  configuration  is  171  unstable  at  low  AOA  with  flaps  fixed.  This 
instability  is  marginal  with  regard  to  the  -15%  SM  limit  established  by  flight  control 
system  considerations.  The  L/D  at  a  maneuver  lift  condition  is  shown  in  Figure  19a  as  a 
function  of  tail-off  SM.  Data  are  plotted  as  a  function  of  tail-off  SM  in  order  to 
maintain  a  more  constant  reference  in  comparing  the  three  configurations.  I*  also  is  a 
direct  indication  of  the  c.g.  location.  The  data  are  then  re-plotted  in  Figure  19b  as  a 
function  of  tail-on  SM  as  a  reminder  that  with  the  tail  located  forward,  the  degree  of 
instability  is  greater  with  the  tail  on.  The  canard  configuration  at  its  aft  c.g.  limit 
has  7%  less  L/D  than  the  optimum. 

Relative  to  supersonic  trim  drag,  the  a.c.  variation  with  Mach  number  is  shown  in 
Figure  20  for  canard  on  and  off.  The  optimum  c.g.  locations  for  subsonic  and  supersonic 
speeds  are  shown.  The  optimum  subsonic  location  is  again  with  negative  15%  SM  with  tail 
off.  The  supersonic  location  shown  is  based  on  the  assumption  that  at  the  optimum 
location,  the  canard  lift  coefficient  should  equal  that  of  the  wing.  This  corresponds 
approximately  to  the  canard-on  a.c.  The  c.g.  location  established  by  the  nose-down 
pitching  moment  criterion  is  seen  to  be  very  close  to  the  supersonic  optimum. 

The  reason  for  the  small  nose-down  trim  capability  of  the  canard  is  indicated  in 
Figure  21,  showing  that  there  is  considerable  upwash  at  the  canard  over  the  25“  to  60°  AOA 

range.  This  makes  the  AOA  of  the  canard  very  large;  for  example,  at  60°  aircraft  AOA  the 

canard  AOA  is  about  75° .  A  canard  deflection  of  -75°  is  required  to  just  reduce  the 
canard  lift  to  zero.  As  the  canard  is  deflected  farther  in  the  negative  direction,  the 
canard  lift  vector  passes  close  to  the  aircraft  c.g.,  producing  little  pitching  moment. 

Canard  effectiveness  data  is  shown  in  Figure  22,  and  canard  deflection  for  trim  in 
Figure  23«  The  configuration  is  unstable  at  all  AOA  to  60°.  The  required  total  canard 

control  deflection  to  provide  varying  AOA  operating  capability  is  shown  in  Figure  2*4.  90° 

total  canard  deflection  is  required  to  operate  over  a  60°  AOA  region. 

The  maximum  trimmed  lift  capability  is  shown  in  Figure  25  as  a  function  of  tail-off 
SM.  Whereas  at  forward  c.g.,  with  positive  SM,  the  canard  adds  lift,  as  the  c.g.  is  moved 
back  resulting  in  negative  SM,  the  canard  increment  decreases.  At  -10%  SM  where  the  tail- 
off  data  are  sel f-trimraed ,  the  canard  must  provide  zero  pitching  moment,  and  test  data 
indicates  that  it  adds  no  maximum  lift. 

In  summary  of  the  canard  configuration,  for  trim  and  pitch-down  control  at  high  angle 
of  attack,  the  center  of  gravity  must  be  moved  8%  forward  of  the  optimum  center  of  gravity 
for  minimum  trim  drag  at  subsonic  speed.  Then  with  fixed  flaps  and  controls,  the  canard 
configuration  was  7%  unstable  tail-off  and  17%  unstable  tail-on  at  low  angle  of  attack. 

The  canard  configuration  becomes  aerodynamical ly  more  unstable  above  15°  angle  of  attack 
and  only  becomes  stable  above  60°  angle  of  attack.  Trimmed  post-stall  operation  at  60* 
angle  of  attack  required  -60°  ot  canard  deflection.  Due  to  the  instability,  at  60°  angle 
of  attack,  20°  additional  canard  deflection  was  required  for  pitch-down  control  (total  =  - 
80°).  At  the  aft  c.g.  the  canard  added  7%  in  maximum  lift  capability  to  that  available 
with  the  tailless  configuration. 

Adding  pitch  thrust  vectoring  could  permit  a  more  aft  c.g.  location  except  that  this 
Would  violate  the  aft  c.g.  limit  criterion  relating  to  flight  control  system  complexity, 
the  configuration  is  already  marginal  with  -17%  SM  tail-on.  The  canard  size  could  be 
decreased  to  permit  the  aft  c.g.  movement,  but  it  would  soon  become  unrepresentative  of  a 
canard  concept.  Also  PTV  is  redundant  when  applied  to  a  configuration  which  already  has  a 
control  capability  independent  of  the  wing.  Thus  the  addition  of  PTV  to  a  canard 
configuration  does  not  appear  to  be  a  desirable  concept. 


Aft  Tall  Configuration 


Pitch  control  limits  for  the  aft  tail  configuration  are  shown  in  Figure  26  at  the 
c.g.  for  minimum  drag.  In  this  case  the  tail  was  sized  to  produce  the  required  nose-down 
moment  at  stall,  so  the  optimum  c.g.  for  drag  can  be  used.  The  configuration  then  had  - 
15%  SM  with  tail  off,  flaps  fixed,  and  -11%  SM  with  tail  on,  flaps  and  controls  fixed. 

The  flow  field  at  the  tail  is  shown  in  Figure  27  showing  that  the  downwash  developed  by 
the  wing  below  stall  gradually  reduces  to  zero  at  high  AOA.  This  permits  a  large  nose- 
down  moment  to  be  developed  with  only  moderate  tail  deflections. 
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The  resulting  tail  effectiveness  data  is  shown  in  Figure  28.  The  static  stability  is 
shown  in  Figure  29  and  the  total  pitch  control  deflection  is  shown  in  Figure  30. 
Approximately  80*  total  deflection  was  required  to  provide  a  60*  AOA  operating  capability. 

The  trimmed  L/D  at  a  maneuver  lift  condition  is  shown  in  Figure  31a  as  a  function  of 
tail-off  SM.  The  aft  tail  configuration  can  attain  the  maximum  value.  The  data  are  then 
re-plotted  as  a  function  of  tail-on  SM  in  Figure  31b.  With  the  tail  located  aft,  the 
degree  of  instability  is  less  with  the  tail  on.  Relative  to  supersonic  trim  drag,  the 
a.c.  variation  with  Mach  number  is  shown  in  Figure  32,  tail  on  and  off.  The  optimum  c.g. 
locations  for  subsonic  and  supersonic  speeds  are  shown,  based  on  considerations  presented 
above.  To  carry  positive  lift  on  the  tail  to  trim  at  supersonic  speed,  the  c.g.  would 
need  to  be  aft  of  the  subsonic  optimum.  This  would  indicate  some  trade-off  between 
subsonic  and  supersonic  performance  could  be  considered  by  moving  the  c.g.  aft. 

The  maximum  trimmed  lift  capability  is  shown  in  Figure  33  as  a  function  of  tail-off 
SM.  The  highest  value  occurs  at  —  1 8%  SM  for  the  tail  area  used.  This  might  provide 
additional  incentive  to  move  the  c.g.  farther  aft. 

In  summary,  the  aft-tail  aircraft  can  use  the  center  of  gravity  for  optimum 
performance  at  subsonic  speed.  With  fixed  flaps  and  controls,  the  aft-tail  aircraft  was 
15t  unstable  tail  off  and  111  unstable  tail  on  at  low  angle  of  attack.  The  aft-tail 
configuration  became  stable  above  25*  angle  of  attack.  Trimmed  post-stall  operation  at 
60*  angle  of  attack  could  be  achieved  with  -50*  of  tail  deflection,  and  the  required  nose- 
down  response  could  be  achieved  with  +30’  deflection. 

The  U3e  of  pitch  thrust  vectoring  as  an  additional  pitch  control  is  not  necessary  to 
minimize  trim  drag  with  an  aft  tail,  but  may  reduce  the  tail  size  required.  However  as 
discussed  in  the  case  of  the  canard  configuration,  this  would  make  the  configuration  less 
representative  of  an  aft-tail  concept  and  PTV  is  redundant  since  there  is  already  a 
control  capability  independent  of  the  wing.  Thus  the  addition  of  PTV  to  an  aft-tail 
configuration  does  not  appear  to  be  a  desirable  concept. 


Configuration  Comparisons 


Since  we  have  discarded  the  application  of  PTV  to  the  canard  and  aft-tail  configurations 
as  being  redundant  and  undesirable,  the  comparisons  will  be  of  the  three  configurations 
without  PTV  and  the  tailless  with  PTV. 

In  the  case  without  PTV,  both  the  canard  and  aft  tail  configurations  have  an 
advantage  over  the  tailless  in  that  they  both  provide  a  control  capability  separate  from 
the  wing.  Thi.*  provides  the  possibility  of  considering  various  concepts  to  Improve  the 
aircraft  capability.  The  concepts  include  fuselage  pointing,  direct  lift  control  and  ride 
qualities  improvement. 

Another  general  consideration  relates  to  the  level  of  confidence  inherent  in  each 
configuration  that  the  aerodynamic  characteristics  obtained  during  the  design  development 
stage  can  be  carried  over  into  the  actual  aircraft.  For  both  the  tailless  and  canard 
configurations,  determining  the  aft  c.g.  limit  depends  strongly  on  an  accurate  knowledge 
of  the  absolute  value  of  the  wing-body-flap  pitching  moments  at  moderate  and  high  AOA. 

This  is  not  true  of  the  aft  tail  configuration,  since  its  aft  c.g.  limit  can  be  varied  by 
changing  the  tail  area.  Absolute  values  of  pitching  moment  are  very  difficult  to  obtain 
from  wind  tunnel  testing.  Therefore  in  the  case  of  the  tailless  and  canard 
configurations,  there  is  somewhat  less  confidence  that  the  desired  aft  c.g.  limit  can  be 
obtained  on  the  actual  aircraft.  This  is  especially  crucial  in  the  case  of  the  tailless 
configuralon.  Figure  34a  compares  the  L/D  values  for  the  three  configurations  as  a 
function  of  the  tail-off  SM.  The  symbol  denotes  the  aft  c.g.  limit  for  each.  It  can  be 
seen  that  the  tailless  configuration  has  a  greater  sensitivity  to  c.g.  location  and 
therefore  loses  performance  more  rapidly  if  it  is  found  that  the  c.g.  must  be  moved 
forward  to  obtain  the  required  stall  recovery  moment.  In  the  case  of  the  aft  tail,  an 
additional  design  flexibility  is  available  in  that  the  tail  area  can  be  increased  if 
necessary  to  maintain  the  desired  SM. 

Figure  34a  compares  the  L/D  as  a  function  of  tail-off  SM.  Figure  34b  shows  the  same 
values  of  L/D  but  as  a  function  of  tail-on  SM.  It  will  be  noted  that  the  aft-tall  and 
canard  L/D  values  are  essentially  the  same,  but  they  are  obtained  at  considerably 
different  levels  of  tail-on  SM,  -lit  MAC  for  the  aft  tail,  and  -17%  MAC  for  the  canard. 
Thus  the  canard  configuration  has  considerably  greater  risk  in  terms  of  developing  a 
satisfactory  control  system. 

Figure  35  contains  a  comparison  of  maximum  trimmed  lift  coefficient  without  thrust 
effects.  The  aft-tail  has  the  highest  value.  Again  the  tailless  configuration  has  a 
greater  sensitivity  to  the  level  of  stability. 
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Figure  36  compares  the  values  at  the  respective  aft  c.g.  limits  of  the  parameters 
which  have  been  quantified.  As  indicated,  the  subsonic  performance  parameters  favor  the 
aft  tail;  supersonic  performance,  the  canard;  stability  and  control  parameters,  the 
tailless.  When  the  various  additional  considerations  are  accounted  for,  there  is  a 
preference  for  the  aft  tail. 

Figure  37  compares  the  values  using  PTV  where  appropriate.  As  discussed  above,  PTV 
offers  added  capability  only  in  the  case  of  the  tailless  configuration,  allowing  the  aft 
c.g.  limit  to  be  3<  MAC  farther  aft.  In  addition  it  provides  a  control  capability 
separate  from  the  wing  and  allows  consideration  of  the  additional  control  modes  such  as 
fuselage  pointing,  direct  lift  control  and  ride  quality  improvement.  It  also  relieves,  to 
some  extent,  the  concern  about  wind  tunnel  data  accuracy.  Thus  the  tailless  configuration 
with  PTV  is  competitive  with  the  aft  tail,  and  a  decision  would  require  more  detailed 
design  studies. 


Conclusion 


Within  the  scope  of  the  aerodynamic  considerations  included  in  this  study,  it  is  concluded 
that,  without  pitch  thrust  vectoring,  the  aft  tail  configuration  is  preferred.  When  pitch 
thrust  vectoring  is  added  to  the  tailless  configuration ,  it  becomes  sufficiently 
comparable  to  the  aft-tail  configuration  that  additional  design  studies  would  be  required 
to  make  a  decision. 
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FIGURE  1.  TAILLESS  CONFIGURATION 


FIGURE  2.  CANARD  CONFIGURATION 


FIGURE  3.  AFT-TAIL  CONFIGURATION 


ANGLE  OF  ATTACK  IDEG) 
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L.E.  »  T.E.  FLAP  SCHEDULES  IOOWN)  CmCG 


FIGURE  8.  VARIABLE  TRAILING  EDGE  FLAPS,  WING/FUSELAGE  PITCHING  MOMENT 


CONTROL  DEFLECTION  <OEG) 
"AFT  STICK"  —  I-  "FWD  STICK' 
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TAIL-OFF  STATIC  MARGIN.  IK  MAC) 

FIXED  FLAPS,  LOW <* 

FIGURE  13.  TAILLESS  CONFIGURATION 
LIFT/DRAG  RATIO,  SUBSONIC  SPEED,  CL  -  0.7 


FIGURE  15.  TAILLESS  CONFIGURATION 
ELEVON  DEFLECTION 


FIGURE  14.  TAILLESS  CONFIGURATION 
AERODYNAMIC  CENTER 


FIGURE  16.  TAILLESS  CONFIGURATION 
TOTAL  ELEVON  CONTROL  DEFLECTION 


INCLUDES  NO  ENGINE  THRUST  EFFECT 


FIGURE  17.  TAILLESS  CONFIGURATION  MAXIMUM  LIFT 


i 


4 


E 


DESIRED  C.G.,  SUBSONIC 
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ALLOWABLE  C.G. 


FLAPS  UP,  CANARD  Of  F_^  y* 
FLAPS  UP,  CANARO  ON  /  Df 


OESIREO  C.G., SUPERSONIC 


MACH  NUMBER 

FIGURE  20.  CANARO  CONFIGURATION 
AERODYNAMIC  CENTER 

0 

-  - 

_  1 

20°  10°  0 
UPWASH  — - [ 

1  10° 
- •-  DOWNWASH 

FIGURE  21.  CANARD  CONFIGURATION 
FLOW  FIELD  AT  CANARD 

SCHEDULED  L.E.&T.E.  FLAPS 

7*  UNSTABLE  TAIL  OFF  WITH  FLAPS  FIXED  ILOW  tt) 

17%  UNSTABLE  TAI L  ON  WITH  CONTROLS  FI  XED  (LOW  a) 

V/-  PITCH  OOWN 
MOMENT 
VEr^——  REQUIRED 


CANARD 

MAX 

-DOWNLOAD 


FIGURE  22.  CANARD  CONFIGURATION  PITCH  CONTROL 
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7%  UNSTABLE  TAILTJFF  WITH  FLAPS  FIXED  (LOW a) 


a(OEG) 


FIGURE  23.  CANARD  CONTROL  DEFLECTION 


SELECTED  MAX  TRIM  ANGLE  OF  ATTACK  (DEG) 


INCLUDES  NO  ENGINE  THRUST  EFFECT 


< 

5 


FIGURE  24.  CANARD  CONFIGURATION. 
TOTAL  CANARD  CONTROL  DEFLECTION 


SCHEDULED  LESTE  FLAPS 
15%  UNSTABLE  TAIL  OFF  WITH  FLAPS  FIXED  (LOW a) 

11*  UNSTABLE  TAIL  ON  WITH  FLAPS  &  CONTROLS  FIXED  (LOWol 


FIGURE  26.  AFT-TAIL  CONFIGURATION 
PITCH  CONTROL  LIMITS 


FIGURE  27.  AFT-TAIL  CONFIGURATION 
FLOW  FIELD  AT  TAIL 


CONTROL  DEFLECTION  (DEG)  ANGLE  OF  ATTACK  (DEG) 

'AFT  STICK" —  "FWD  STICK"  _  “  2 
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SCHEDULE  L.E.&T.E.  FLAPS 
16%  UNSTABLE  TAIL  OFF  WITH  FLAPS  FIXED  (LOWal 
11%  UNSTABLE  TAIL  ON  WITH  FLAPS  &  CONTROL  FIXED  (LOW  a) 


FIGURE  28.  AFT-TAIL  CONFIGURATION  PITCH  CONTROL 
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FIGURE  29.  AFT-TAIL  CONTROL  DEFLECTION 


SELECTED  MAX  TRIM  ANGLE  OF  ATTACK  (OEG) 


A.  TAIL-OFF  STATIC  MARGIN  I.  TAIL-ON  STATIC  MAROIN 
<%MAC>  <%MACI 

FIXED  FLAFS,  LOSS  or  FIXED  FLAPS,  LOW  a 

FIGURE  31.  A  FT -TAIL  CONFIGURATION  LIFT/DRAG 
RATIO.  SUBSONIC  SPEED,  CL  ~  0.7 


FIGURE  30.  AFT-TAIL  CONFIGURATION, 
TOTAL  AFT-TAIL  CONTROL  DEFLECTION 


FIGURE  32.  AFT-TAIL  CONFIGURATION 
AERODYNAMIC  CENTER 
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FIGURE  33.  AFT-TAIL  CONFIGURATION 
MAXIMUM  LIFT 
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A.  TAIL  OFF  STATIC  MARGIN  (S  MACI  0.  TAIL  ON  STATIC  MARGIN  (S  MACI 
FIXED  FLAPS,  LOW  a  FIXED  FLAPS,  LOWa 


FIGURE  34,  COMPARISON  OF  MANEUVER  L/D  WITHOUT  PTV 
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FIGURE  35.  COMPARISON  OF  MAXIMUM  TRIMMED  LIFT 
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PARAMETER 

DESIREO 

VALUE 

TAILLESS 

CANARD 

AFT  TAIL 

PERFORMANCE 

SUBSONIC  MANEUVER  L/0 

LARGE 

6.2 

6.7 

6.9 

SUPERSONIC  TRIM  DRAG  (C.G.  -  OPTIMUM  C  G  I.  %  MAC 

SMALL 

-8 

0 

'10 

SUBSONIC  MAXIMUM  LIFT  COEFFICIENT 

LARGE 

1.35 

1.45 

1.55 

L/0  SENSITIVITY  TO  SM 

SMALL 

LARGE 

SMALL 

SMALL 

SENSITIVITY  TO  ABSOLUTE  PITCHING  MOMENT 

SMALL 

LARGE 

LARGE 

MODERATE 

STABILITY  &  CONTROL 

— 

-SM.  SUBSONIC,  TAIL  ON,  %  MAC 

OS 

7 

17 

11 

MAXIMUM  UNSTABLE  "/da 

SMALL 

0.5 

1.5 

0.7 

STABLE  ABOVE _ AO  A 

SMALL 

25° 

60° 

25° 

TOTAL  CONTROL  TRAVEL  REQUIREO  TO  OPERATE  TO  60  DEGREE  AOA 

SMALL 

60° 

90° 

80° 

CAPABILITY  OF  OTHER  CONTROL  MOOES 

YES 

NO 

YES 

YES 

i 

FIGURE  38.  COMPARISON  OF  CONFIGURATIONS  WITHOUT  PTV 


PARAMETER 

DESIRED 

VALUE 

TAILLESS 
(WITH  PTV) 

CANARD 
(NO  PTV) 

AFT  TAIL 
(NO  PTV) 

PERFORMANCE 

SUBSONIC  MANEUVER  L/D 

LARGE 

6.5 

6.7 

6.9 

SUPERSONIC  TRIM  DRAG  (C.G.  -  OPTIMUM  C.G.I, «  MAC 

SMALL 

-5 

0 

-10 

SUBSONIC  MAXIMUM  LIFT  COEFFICIENT 

LARGE 

1.45 

1.45 

1.55 

L/0  SENSITIVITY  TO  SM 

SMALL 

LARGE 

SMALL 

SMALL 

SENSITIVITY  TO  ABSOLUTE  PITCHING  MOMENT 

SMALL 

MODERATE 

LARGE 

MODERATE 

STABILITY  A  CONTROL 

-SM.  SUBSONIC.  TAI L  ON.  %  MAC 

<15 

ID 

17 

11 

MAXIMUM  UNSTABLE  "/do 

SMALL 

0.7 

1.5 

0.7 

STABLE  ABOVE _ AOA 

SMALL 

25° 

60° 

25° 

TOTAL  CONTROL  TRAVEL  REQUIRED  TO  OPERATE  TO  60  OEGREE  AOA 

SMALL 

50° 

90° 

60° 

CAPABILITY  OF  OTHER  CONTROL  MOOES 

YES 

YES 

YES 

YES 

FIGURE  37.  COMPARISON  OF  CONFIGURATIONS  USING  PTV  WHERE  APPROPRIATE 
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EVALUATION  D>  AVIONS  EN  COMBAT  SIMULE 
CALCULATEUR  CONTRE  CALCULATEUR 
OU  CALCULATEUR  CONTRE  PILOTE  HUMAIN 

par 

3.  PEDOTTI 

AVIONS  MARCEL  DASSAULT-BREGUET  AVIATION 
78,  Quai  Carnot  -  92214  ST  CLOUD  -  France 

Y*  mew  ARP 

CENTRE  ELECTRONIQUE  DE  L'  ARMEMENT 
35170  BRUZ  -  France 


Resume 

Un  programme  de  simulation  du  combat  aerien  a  un  contre  un  a  ete  developpe.  Ce  modele 
LAMA  (Logique  Adaptative  de  Manoeuvre  Aerienne)  a  ete  valide  par  des  etudes  theoriques  et 
par  des  essais  pilote/modele  sur  le  simulateur  du  CELAR. 

II  per  met  soit  une  modelisation  entierement  numerisee,  soit  une  simulation  cPhostile  interactif 
oppose  a  un  pilote  sur  simulateur. 

LAMA  est  a  la  fois  un  moyen  cTetude  de  nouveaux  systemes  d'armes  et  un  hostile  performant 
pour  l'entralnement  des  pilotes. 


1.  INTRODUCTION 


Compte  tenu  de  la  part  de  plus  en  plus  grande  donnee  a  la  fonction  "Superiorite  Aerienne"  pour  les 
avions  de  combat  modernes  et  de  1'evolution  resultante  des  capacites  de  manoeuvre  de  ces  avions,  il  a  paru 
necessaire  de  developper  un  programme  de  simulation  de  combat  aerien. 

II  est  en  effet  indispensable  de  pouvoir  comparer  au  stade  avant-projets  l'efficacite  en  combat  aerien 
des  divers  compromis  realisable?  compte  tenu  des  autres  contraintes.  Or  cette  comparaison  avec  les  moyens 
classiques  de  calculs  de  performances  est  rendue  difficile,  voire  impossible  pour  au  moins  deux  raisons  : 

a)  i'aspect  compromis  conduit  a  envisager  des  projets  plus  performants  dans  certaines  zones  du  domaine  de  vol  ou 
de  la  polaire,  moins  dans  d'autres,  ce  qui  ne  permet  pas  de  conclure  au  vu  de  simples  tableaux  de  chiffres. 

b)  l'efficacite  de  dispositifs  permettant  de  decoupler  attitude  et  forces  (CAG,  tuyeres  orientables,  voilures 
pivotantes,  etc...)  est  impossible  a  juger  en  termes  de  performances  pures. 

Ce  moyen  tfetude,  par  sa  simplicite  de  mise  en  oeuvre  (calculs  sur  ordinateur)  presente  une  souplesse 
qui  en  fait  un  out  il  complementaire  des  etudes  sur  simulateur.  II  permet,  d  'une  part,  de  degager  des  premieres 
conclusions  qui  orienteront  les  essais  sur  simulateur  et  les  rendront  plus  efficaces  ;  d'autre  part,  un  tel  programme 
peut  6tre  oppose  a  un  pilote  sur  simulateur  :  il  constitue  alors  un  hostile  dt  r.‘*rence  interessant  car  les  combats 
pilote/ordinateur  sont  plus  repetitifs  done,  en  general,  plus  faciles  a  int'  -te  les  combats  pilote/pilote. 

C'est  de  plus  un  moyen  pour  1'ingenieur  rfacquerir  1'experieno-  qt.  ,  -met  de  mieux  apprehender  ce 
qui  se  passe  lors  <Tun  engagement  air-air,  et  done  de  dialoguer  plus  aisement  avev  es  pilotes  operationnels. 

Telles  sont  les  reflexions  qui  nous  ont  pousse  a  mettre  au  point  un  tel  outil. 

Notre  premier  objectif  a  ete  de  realiser  un  programme  limite  au  combat  a  un  contre  un  :  c'est  le 
programme  LAMA  (Logique  Adaptative  de  Manoeuvres  Aeriennes)  qui  sera  presente  ici.  Historiquement  il  a  tfabord 
ete  developpe  en  version  ordinateur/ordinateur.  Il  a  ete,  par  la  suite,  cree  une  version  adaptee  au  temps  reel  pour 
permettre  sa  validation  contre  des  pilotes  sur  les  installations  de  simulation  du  CELAR  a  Rennes. 

Il  a  ete  base  au  depart  sur  : 

-  l'analyse  des  programmes  existants  dans  ce  domaine 

-  des  interviews  de  pilotes  operationnels  pour  modeliser  au  mieux  le  processus  decisionnei  du  pilote 

-  l'analyse  de  deroulements  de  combats  sur  simulateur  et  en  vol. 

II  s'est  enrichi  au  fur  et  a  mesure  par  deux  voles  differentes  : 

a)  la  voie  theorique  i  apports  de  la  theorie  des  jeux  differentiels,  qui  assure  1'optimalite  de  la  solution 

b)  la  voie  experimentale  >  analyse  critique  des  combats  calculus  et  des  combats  pilote/ordinateur  enregistres  lors 
des  phases  de  validation. 
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2.  LE  MODELE  LAMA 


2.1  -  Principe  general 

A  un  instant  t#  donne,  les  vecteurs  etat  des  deux  adversaires  sont  connus.  On  en  deduit  leur  situation  en 
considerant  les  aspects  strategiques  et  energetiques,  ainsi  que  les  autres  elements  pouvant  intervenir  dans  la 
decision. 


De  cette  situation,  on  deduit  un  certain  nombre  de  manoeuvres  possibles  pour  chacun.  Ces  manoeuvres 
sont  calculees  sur  un  intervalle  de  temps  A  t,.  Les  positions  obtenues  pour  un  avion  sont  aiors  comparees  a  ia 
position  predite  de  I'adversaire  au  bout  de  ce  mime  temps.  La  manoeuvre  retenue  sera  celle  qui  correspond  a  la 
position  la  plus  favorable  au  bout  de  At,.  Elle  est  aiors  integree  sur  un  intei  valle  de  temps  At.  (fig.  1). 

2.2  -Analyse  de  la  situation 

Pour  caracteriser  la  situation  de  chacun  des  adversaires  a  un  instant  t.  du  combat,  LAMA  prend  en 
compte  les  aspects  strategiques,  energetiques  et  les  autres  elements  lies  aux  contraintes  imposees  aux  systemes. 


2.2.1  -  La  situation  strategique 

Cette  partie  de  1'analyse  de  ia  situation  a  pour  but  de  determiner,  en  fonction  de  la  position  relative  des 
adversaires  et  de  leur  armement,  si  1'un  ou  1'autre  beneficie  d'un  certain  avantage. 

Pour  cela,  on  a  defini  un  certain  nombre  de  rfiles  bases  sur  une  schematisation  du  domaine  de  tir.  Pour 
la  definition  des  rfiles,  on  utilise  un  angle  % ,  angle  but,  angle  que  fait  la  reference  avion  avec  la  droite  joignant 
les  2  adversaires  (fig.  2). 

La  partie  geometrique  d'un  domaine  du  tir  (fun  armement  quelconque  peut  fitre  bases  sur  les  angles 
et  et  sur  la  distance  D  entre  avions.  Par  exemple  :  ' 

(  ^^max 

|  ^B^Bmin 

(  Dmin  <  D  <  Dmax  (fig.3) 

On  caracterise  aiors  neuf  rfiles  differents  bases  aussi  sur  ces  grandeurs  (fig.  4)  : 


Rfile  Tres  Attaquant 
Rfile  Tres  Attaquant  Proche 
Rfile  Attaquant 

Par  exemple 

Rfile  Attaquant  Tres  Proche 


:  les  conditions  geometriques  du  domaine  de  tir  sont  satisfaites 
:  les  conditions  angulaires  sont  satisfaites  mais  D  <  Dmin 
:  situation  favorable  mais  conditions  de  domaine  non  satisfaites 

‘  ^  Amax<  ^A  ^  2  ^Amax 
Dmax  <  D  2  Dmax 

s  com  me  tres  attaquant  proche  mais  avec  une  vitesse  de  rapprochement 
qui  laisse  prevoir  un  depassement  imminent. 


Rfile  Tres  Defen scur.  Tres  Defen seur  Proche.  Defenseur.  Defenseur  Tres  Proche  :  rfiles  symetriques 

des  precedents 


Rfile  neutre  :  toutes  les  autres  situations 

La  determination  du  rfile  fixe  la  strategic  a  adopter,  e'est-a-dire  1'eventail  de  manoeuvres  a  essayer  et 
les  criteres  de  choix. 


2.2.2  -  La  situation  energetique 

Elle  concerne  plusieurs  aspects  : 

-  l'evitement  sol :  des  que  la  pente  est  negative,  on  compare  1'altitude  a  une  altitude  plancher  dependant  de  la 
pente.  Des  que  I'avion  passe  sous  ce  plancher,  les  manoeuvres  conduisant  a  rendre  la  pente  plus  negative  sont 
eliminees  du  choix  ;  plus  1'altitude  diminue  et  plus  le  choix  de  manoeuvres  se  restreint  pour  ne  laisser 
finalement  que  des  manoeuvres  de  ressource  au  facteur  de  charge  maximal. 

-  les  vitesses  faibles  :  les  zones  de  vitesse  faible  sont  surveillees  par  le  biais  des  facteurs  de  charges  maximaux 
praticables.  Ce  sont  les  zones®  et®  du  domaine  de  vol  (fig.  5). 

Dans  la  zone  (A)  ,  le  choix  des  manoeuvres  en  competition  est  restreint  aux  manoeuvres  permettant  de 
regagner  de  1'energie,  et  d'autant  plus  severement  que  la  pente  est  plus  grande  en  valeur  algebrique. 

Dans  la  zone®  ,  on  se  limite  aux  manoeuvres  a  dH/dt  ^  0  quelle  que  soit  la  pente. 

-  les  vitesses  elevees  i  la  zone  (c)  correspond  aux  vitesses  superieures  a  la  "corner  speed"  (vitesse  oil 
nmax  =  n  structure,  done  de  manoeuvrabilite  optimale).  En  fonction  de  la  situation  strategique,  on  tient  compte 
dans  cette  zone  de  l'interfit  qu'il  y  a  a  se  rapprocher  de  cette  "corner  speed". 

-  la  situation  energetique  relative  s  l'ecart  d'energie  entre  les  deux  adversaires  est  pris  en  compte  essentielle- 
ment  pour  decider  de  reduire  ou  non  la  poussee. 
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2.2.3  -  Les  autres  elements  de  la  situation 

D'autres  elements  sont  pris  en  compte  pour  juger  de  la  situation  instantanee.  Les  principaux  sont  : 

-  les  limitations  structurales  avion  :  Mach,  V  .... 

c 

-  les  limitations  pilote  :  le  facteur  de  charge  maximum  praticable  est  automatiquement  reduit  des  que  le  temps 
passe  a  fort  facteur  de  charge  atteint  une  certaine  valeur. 

-  le  temps  de  reponse  moteur  :  si  la  poussee  est  reduite,  on  tient  compte  du  temps  qu'il  faut  pour  atteindre  la 
poussee  maximale. 


2.3  -  Les  manoeuvres  elementaires 

Les  manoeuvres  elementaires  sont  essayees  a  vitesse  constante  pour  gagner  du  temps  de  calcul.  Elies 
sont  caracterisees  par  le  plan  dans  lequel  elles  se  deroulent  et  un  facteur  de  charge. 


2.3.1  -  Les  plans  de  manoeuvre 

Ce  sont  des  demi-plans  passant  par  le  vecteur  vitesse  de  l'avion  considere  et  definis  par  Tangle  p  que 
fait  ce  demi-plan  avec  le  demi-plan  vertical  haut  passant  par  ce  vecteur  (fig.  6). 

Parmi  ces  plans,  on  en  distingue  deux  particulars  : 

-  le  plan  cfinterception,  plan  passant  par  la  position  predite  de  Tadversaire  (  p=  p ;) 

-  le  plan  precedent,  plan  contenant  l'acceleration  de  l'avion  considere  (plan  oscuiateur  a  la  trajectoire  au  point 
considere)  ( p  =  p  ) 

Les  diverses  manoeuvres  essayees  s'effectuent  dans  des  demi-plans  choisis,  suivant  la  situation,  parmi 
les  suivants  : 

P=0*,Pp,P.,p.  +  (lJ,,p.+90,  +  60* 


2.3.2  -  Le  facteur  de  charge 


Les  diverses  manoeuvres  essayees  sont  calculees  la  aussi  a  des  facteurs  de  charge  choisis  suivant  la 
situation  dans  une  liste  comprenant : 

-  n  maximum  autorise  (compte  tenu  de  toutes  les  limitations) 

-  n  marge  de  manoeuvre 

-  des  fractions  de  n  marge  (en  cas  de  vitesse  faible) 


sont  : 


-  n  =  n.  tel  que  la  trajectoire  passe  par  la  position  predite  de  Tadversaire 

-  n  =  n  tel  que  la  trajectoire  projetee  soit  tangente  au  cercle  instantane  projete  pratique  par 

Tadversaire. 

A  titre  cfexemple,  dans  une  situation  tres  attaquant  sans  probleme  tfenergie,  les  manoeuvres  essayees 


P  =  0*  pente  constante 

f-f, 

P-Pi  "-"i 

Dans  le  cas  symetrique  (rdle  tres  defenseur) : 


P  =  Pp  "max 

P  =Pi 
P  =  Pr«‘ 

Si  dans  ces  situations  strategiques  se  posent  des  problemes  de  faibtes  vitesses,  les  facteurs  de  charge 
sont  limites  a  n  marge  ou  a  une  fraction  de  n  marge  suivant  la  pente. 


2.4  -  Le  choix  de  la  manoeuvre 


Ce  choix  est  base  sur  Tappreciation  de  la  situation  a  Tissue  de  la  manoeuvre.  Pour  ce  faire,  on  dispose 
(Tune  liste  de  1 1  questions  posees  de  telle  faqon  que  Ton  peut  repondre  par  oui  ou  par  non  et  que  la  reponse  oui  soit 
favorable.  Ces  questions  sont  du  type  de  celles  que  se  pose  un  pilote  (fig.  7). 

Les  questions  posees  sont  la  encore,  fonction  de  la  situation  i  selon  le  cas,  on  utilise  entre  3  et  9 
questions.  Une  reponse  oui  vaut  un  point ;  une  reponse  non  zero. 

La  manoeuvre  qui  obtient  le  maximum  de  points  est  retenue. 
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2.5  -  Les  commandes 

Pour  1'integration  de  la  trajectoire,  on  applique  alors  a  un  modele  avion  complet,  3  commandes  : 

.  le  facteur  de  charge  retenu 

.  la  gTte  aerodynamique  telle  que  la  trajectoire  se  deroule  dans  le  pian  de  manoeuvre  retenu 
.  la  manette  des  gaz  qui  est  commandee  pour  reduire  la  poussee  dans  certains  cas  bien  precis  : 

a)  en  poursuite  pour  rester  a  distance  de  tir 

b)  pour  eviter  le  depassement 

c)  pour  se  rapprocher  de  la  corner  speed. 

2.6  -  Exemples  de  combats 

Les  figures  8  et  9  donnent  deux  exemples  de  combats  calcules  par  Je  programme  LAMA. 

Ces  combats  opposent  deux  avions  A  et  B  identiques  a  la  masse  pres.  Les  conditions  initiates  avantagent 

1'avion  A  :  il  est  pointe  sur  I'avion  B  (  \  =  O',  a  M  =  1.1  et  9000  m).  L'avion  B  est  a  !a  mime  altitude,  a  un  Mach 

plus  faible  (M  =  0.9)  et  oriente  tel  que  /\g  =  110*. 

La  distance  initiate  entre  ies  avions  est  de  3500  m. 

Les  figures  9  et  10  donnent  pour  chacun  de  ces  deux  combats  : 

-  la  projection  des  trajectoires  dans  le  plain  x,  y 

-  la  projection  des  trajectoires  dans  le  plan  x,  z 

Ces  trajectoires  sont  graduees  en  temps  par  un  point  chaque  5  secondes.  Ces  combats  sont  limites  a  120 

secondes. 

-  revolution  des  angles  X.  et  X^  en  fonction  du  temps. 

Dans  le  premier  cas  (fig.  8),  I'avion  B,  desavantage  en  position  initiate,  1'est  aussi  en  masse 
(masse  „  *  masse  ,  +  10  %).  11  est  done  moins  performant  que  I'avion  A  qui,  dans  un  engagement  en  spirale 
descendante,  conserve  son  avantage  initial  et  a  des  opportunity  de  tir  missile. 

Dans  le  second  cas  (fig.  9),  e'est  au  contraire  I'avion  A  qui  est  penalise  en  masse.  Le  combat  se  deroule 
a  peu  pres  de  la  m£me  maniere  que  precedemment,  mais  apres  une  minute  environ,  e'est  l'avion  B  qui  reprend 
1'avantage  et  tire. 


3.  VALIDATION  DU  MODELE 

Avant  de  pouvoir  utiliser  un  tel  modele,  et  de  croire  aux  conclusions  qui  en  ressortent,  il  faut  6tre 
certain  de  deux  choses  : 

1  -  que  les  manoeuvres  effectuees  sont  bien  les  meilleures  possibles 

2  -  que  le  comportement  global  du  modele  est  comparable  a  celui  d'un  pilote  dote  du  m£me  avion  et 

face  au  m£me  adversaire. 

Nous  avons  done  mene  en  parallele  deux  types  de  travaux  : 

1  -  creation  d'un  programme  de  combat  utilisant  la  theorie  des  jeux  differentiels 

2  -  realisation  de  campagnes  de  combats  pilote/LAMA  sur  le  simulateur  du  CELAR. 

Ces  deux  types  de  travaux  ont  per  mis,  outre  la  validation,  1'amelioration  du  modele  par  ('analyse  des 
differences  observees. 

3.1  -  La  theoi  ie  des  ieux  appliouee  au  combat  aerien 

Le  combat  aerien  a  un  contre  un  est  caracterise  par  : 

.  deux  joueurs 

.  dont  la  victoire  de  l'un  exclut  la  victoire  de  I'autre 
.  dont  les  evolutions  sont  regies  par  des  equations  differentielles. 

Il  entre  done  dans  la  categorie  des  jeux  differentiels  a  somme  nulle  qui  ont  fait  1'objet  d*etudes 
approfondies. 

D'une  faqon  generate,  le  principe  d'un  tel  jeu  peut  s'exprimer  de  la  fa?on  suivante  : 

Soit : 

-  A  et  B  deux  joueurs 

-  X  et  Y  les  vecteurs  etat  de  A  et  B 

-  u  et  v  les  vecteurs  commande  de  A  et  B. 
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Les  equations  d'etat  sont  de  la  forme  : 

^  F  (X,u,t)  =  G  <Y,v,t) 

On  definit  une  fonction  coflt  3  (X,Y)  que  doit  minimiser  A  et  maximiser  B. 

II  faut  trouver  un  couple  de  strategies  (u*,v*)  tel  que 

u  minimise  J 

■  ... 

v  maximise  j 

3.1.1  -  Formulation  du  probleme  du  combat  aerien 

a)  Les  equations  d'etat 

Le  combat  se  deroulant  dans  3  dimensions,  le  vecteur  etat  a  six  composantes  (on  suppose  les  masses 
constantes) 

Les  equations  d'etat  sont  done  les  equations  de  la  mecanique  du  vol,  a  savoir  : 

x  ,  v  coi  i  co5  K.  V'  =  (  rj  F C05  «  _  fix )/ m  -  g  sin  K 

y  *  or  cos  #  sin  X  i  *  (  Rz+ rjFsincx)cos|i/mv -§  tos'K/v 

li  »  v  sin  X  %  =  (  Rz+  i^FsincuJjin^/mu-  cos  Y 

oil  x,  y,  h  sont  les  coordonnees  dans  le  repere  absolu 

v  la  Vitesse  aerodynamique  F  la  poussee  maximale 

%  la  pente  ot  I’incidence 

X  l’azimut  ^  1'angle  de  gtte 

Vj  la  commande  de  poussee 

Rx,  les  composantes  de  la  resultante  des  forces  aerodynamiques. 


b)  Les  cqmmandes_ 

-  1'incidence  «  sur  laquelie  s'exerce  une  contrainte  non  lineaire  qui  pose  de  grandes  difficulty  dans  la 
resolution  du  probleme  s 

v  Vc  «  <x  max 
V  2*  Vc  o<max  lei  que  n  <  Hmax 

-  L 'angle  de  glte  p.  -180*  ^p^+180’ 

-  La  commande  de  poussee  rj  0  4  $  1 


c)  La_fonctjon  coOt 

La  fonction  coOt  retenue  est  de  la  forme 


JrC,jin1§»|^+  C,jin1^  +C,DUf)+|tf(li,sin*  +  dl 

ou  Cj,  Cj,  C y  k[,  kj  sont  des  constantes  et  8^,  0B  les  angles  definis  sur  la  figure  n*  10. 

On  peut  remarquer  que  cette  fonction  est  composee  de  deux  termes  : 


-  un  terme  caracterisant  la  situation  a  l'instant  final  t{  du  jeu  (termes  Cj  Cj  Cj) 

-  un  terme  integral  tenant  compte  de  la  fa;on  dont  le  jeu  s'est  deroule  entre  t  =  0  et  t  =  t^. 

On  peut  noter  aussi  que  si  C,  =  0,  cette  fonction  est  totalement  symetrique,  e'est-a-dire  qu'au  depart  du 
jeu  il  est  inutile  de  fixer  qui  est  le  poursuivant  et  qui  est  le  defenseur  (si  Cj  =  Cj  et  kj  =  kj). 


3.1.2  -  Algorithms;  de  resolution 

La  resolution  analytique  (fun  probleme  aussi  complete  est  evidemment  impossible.  II  a  done  ete  fait 
appei  aux  techniques  de  l'analyse  numerique  developpees  pour  resoudre  les  probleme  (foptimisation  (Ref.  1). 

Deux  voies  s'offrent  alors  : 

1)  La  recherche  chine  solution  point-selle  par  un  aigorithme  type  Arrow-Hurwicz.  On  cherche  alors  deux 
strategies  u  ,  v  telles  que 

J  (u*,u)  «  J  (u*  v*)  «  J  (u,u*)  V  (vt/tr) 

L'inconvlnient  de  cette  methode  est  que  le  point-selle  n'existe  pas  forcement. 
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2)  La  recherche  <fun  Min-Max  (ou  tfun  Max-Min)  par  un  algorithme  type  Uzawa  faisant  appel  a  l'optimisation  non 
differentiable  (Ref.  2)  et  ou  la  contrainte  non  lineaire  est  traitee  par  des  techniques  de  Lagrangien 
augmente  (Ret.  3). 

Pour  un  Min-Max,  on  va  en  effet  chercher  deux  strategies  Uj  et  Vj  telles  que 

J  (u,  y'lXi)  =  Min  (  Max  J  (u,ir)] 
u  -a 

Cette  methode  est  plus  puissante  et  conduit  plus  sOrement  a  une  solution,  mais  avec  des  temps  de  calcul 
plus  importants. 

On  peut  noter  qu'on  demontre  que,  si  un  point -selle  (u*,  v*)  existe,  alors  : 

Max  (  Min  J(u  ,  u)]  =  J  ( u*  v*)  =  Mm  (  MaxJ  (u  ,u)| 

v  u  u  ir 


3.1.3  -  Techniques  et  exemple  de  calcul 

Une  premiere  technique  consiste  a  calculer  le  jeu  de  0  a  t,.  Un  exemple  de  cette  technique  est  donne 
sur  la  figure  n*  1 1. 

II  s'agit  (fun  engagement  entre  deux  avions  identiques  calcule  en  Min-Max 

-  dans  les  conditions  initiates 

Z  =  9000  m  <0A).  =  0 

D  =  3000  m  (0^).  =  43* 

MA=  0.9  Mfi  =  O.g 

-  sur  un  temps  de  7  secondes  avec  modification  des  commandes  toutes  les  secondes 


ci  =  c2! 


C3=  kj  *  k2  = 


La  figure  11  presente  les  trajectoires  de  chacun  des  adversaires  projetees  dans  les  plans  xy  et  yz, 
1'evolution  en  temps  des  3  commandes,  de  la  fonction  coOt  totale  et  de  ses  deux  termes  en  Cj  et  C^. 

L'avion  B  effectue  un  break  en  descente  vers  son  adversaire  ;  I'avion  A  ajuste  ses  commandes  pour  a 
l'instant  t.  Stre  pointe  sur  son  adversaire  ( 0)  tout  en  essayant  de  minimiser  9g  en  ouvrant  sa  trajectoire  vers 
1'exterieur. 


La  grosse  difficulte  de  cette  methode  reside  dans  le  fait  que  la  convergence  est  (fautant  plus  difficile 
que  le  temps  tf  est  plus  long  et  ceci  est  fonction  des  conditions  initiates. 

La  seconde  technique  consiste  a  effectuer  des  sequences  de  sous-jeu  <fune  duree  limitee,  dont  la 
convergence  est  pratiquement  assuree. 

La  figure  12  presente  le  mime  engagement  que  precedemment,  mais  calcule  selon  cette  seconde 
technique  sur  une  duree  totale  de  20  secondes. 

Le  principe  est  le  suivant  s  a  l'instant  t.  on  calcule  un  sous-jeu  de  4  secondes,  sur  t„  t.  +  4  sec  .  On 
retient  les  commandes  obtenues  sur  l'intervalle  t„  t«  ♦  1  sec  .  On  recalcule  un  sous-jeu  de  4  secondes  a  partir 
de  t.  ♦  1  sec,  dont  on  retient  les  commandes  sur  t.  +  1,  t.  +  2  ,  et  ainsi  de  suite  .... 

On  ne  peut  plus  certifier  que  la  trajectoire  soil  optimale  de  0  a  t.,  mais  par  contre  les  decisions  prises 
chaque  seconde  sont  toujours  les  meilleures  possibles  a  l'horizon  des  4  secondes. 


3.2  -  ^experimentation  Pilote/LAMA 

La  premiere  version  de  LAMA  etait  ordinateur/ordinateur.  Eile  a  ete  adaptee  et  implantee  sur  le 
simulateur  de  combat  du  CELAR  pour  itre  validee  contre  des  pilotes. 


3.2.1  -  Description  du  Simulateur  de  Combat  Aerien 


3.2.1. 1  -  Generalites 


Le  Centre  tfElectronique  de  1'Armement  (CELAR),  implante  a  BRUZ  pres  de  RENNES,  possede  un 
simulateur  de  combat  aerien  equipe  de  trois  cabinet  pilotables.  Chaque  cablne,  munie  de  ses  commandes  de  vol, 
possede  son  matiriel  Electron ique  et  optique  necessaire  a  la  projection  de  l'image  sol  et  de  la  cible  adverse  et 
constitue  un  syst&me  pilotable  pouvant  fonctionner  soit  independamment,  soit  couple  a  l*une  des  deux  autres 
cabinet  j  dans  un  avenir  proche,  il  est  privu  un  fonctionnement  simuitane  des  trois  systemes  pour  des  itudes  de 
combat  a  deux  contre  un.  Ces  trois  ensembles  de  pilotage  sont  completes  par  des  consoles  de  visualisation 
per  me  tt  ant  le  contrflle  des  combats. 

3.2. 1.2  -  U*«^viroonem«nt_0Upje  «J_le*_»p«»jrerw_de  !* 

En  combat  alrien,  let  Evolutions  des  avions  Etant  tfune  grande  amplitude,  nous  avons  renonce  a  tout 
mouvements  des  cockpits,  par  contre  les  images  sont  projetEes  sur  3E0  deg  res.  Chacun  des  3  systemes  comprend  s 


-  un  cockpit  et  une  pianche  de  bord, 

-  un  ecran  spherique  de  6,40  metres  de  diametre  entourant  totalement  la  cabine, 

-  un  systeme  de  projection  de  1'horizon  toumant  en  rouiis,  tangage,  lacet,  et  donnant  sur  360* 
une  image  du  sol  issue  de  6  diapositives  fish-eye,  obtenues  par  photographie  aerienne  d'un 
terrain  a  differentes  altitudes, 

-  un  systeme  de  projection  de  l'avion  adverse, 

-  un  systeme  de  generation  de  1'image  avion  soit  a  base  de  segments,  soit  a  partir  d'une 
generation  synthetique  cfimages, 

-  pour  l'une  des  cabines  une  combinaison  anti-g  et  un  gravj-siege  (g-seat)  muni  de 
2  mouvements  sur  le  fond,  1  mouvement  sur  le  dossier,  un  coussin  de  siege  et  1  coussin  de 
dossier. 

Le  contrOle  des  combats  se  fait  en  temps  reel  et  en  play-back  sur  des  consoles  graphiques.  En 
permanence,  la  console  centrale  fournit  une  vue  perspective  du  combat  avec  trace  spatiaie  et  au  sol  des  avions. 
Le  cadrage  est  automatique.  On  peut  y  lire  egalement  des  renseignements  indispensables  tels  que  altitude,  vitesse, 
incidence  ....  Les  autres  consoles  sont  reservees  soit  a  des  vues  perspectives  speciales  identiques  a  celles  qu'aurait 
un  observateur  occupant  la  place  pilote,  soit  a  l'etude  des  systemes  d'armes  (penetration  a  1'interieur  des  domaines 
de  tir  des  missiles,  trajectographie  des  missiles  que  l'on  peut  voir  evoluer  en  temps  reel). 

3.2.1. 3  -  Les  moyens  de  calcu] 

Les  equations  de  la  mecanique  du  vol,  les  calculs  des  systemes  d'armes  et  du  programme  LAMA  sont 
resolus  dans  un  calculateur,  bi-processeur,  d'une  puissance  de  cinq  millions  d'operations  par  seconde,  ce  qui  permet 
une  cadence  cfechantillonnage  de  trente  millisecondes.  Les  images  de  contrflle  du  combat  sont  generees  par  un 
second  calculateur  associe  a  des  consoles  graphiques.  La  fabrication  des  images  avions  projetees  a  1'interieur  des 
simulateurs  est  realisee  par  une  electronigue  specialisee  qui  genere  synthetiquement  l'avion  selectionne  decrit 
par  une  suite  de  facettes  dont  les  coordonnees  sont  contenues  dans  une  base  de  donnees. 

Le  programme  LAMA  est  appele  toutes  les  secondes  et  envoie  ses  decisions  au  modele  avion. 


3.2.2  -  Les  resultats  obtenus 

Les  combats  de  validation  ont  oppose  de  nombreux  pilotes  (fessais  et  operationnels  au  programme 

LAMA. 

Les  premieres  campagnes  ont  tout  de  suite  mis  en  evidence  les  qualites  manoeuvrieres  du  modele,  ainsi 
que  quelques  lacunes  auxquelles  il  a  pu  itre  remedie. 

La  possibilite  de  suivre  les  combats,  soit  du  poste  de  directeur  de  vol,  soit  de  la  cabine  "pilotee”  par 
LAMA,  a  montre  le  realisme  du  comportement  et  la  qualite  des  decisions  de  LAMA. 

Les  pilotes  dans  leur  ensemble  ont  conclu  a  la  validite  du  modele  dans  tout  le  domaine  de  vol  et,  ceci, 
quelles  que  soient  les  conditions  d'engagement.  LAMA  peut  done  itre  qualifie  (fadversaire  valable  en  combat 
air-air  a  un  contre  un,  ce  qui  valide  sa  logique  de  decision. 

Pour  quantifier  cette  appreciation,  la  figure  14  presente  les  resultats  d'une  des  campagnes  tfessais  au 
cours  de  laquelle  : 

-  4  pilotes  ont  ete  opposes  a  LAMA,  les  pilotes  et  LAMA  disposant  du  mime  avion 

-  dans  1 1  conditions  d'engagement  differentes  choisies  par  les  pilotes. 

Cette  figure  donne  la  duree  moyenne  par  vol  de  presence  dans  les  conditions  de  tir  pour  LAMA  et  pour 
le  pilote  et,  ceci,  pour  chaque  condition  initiate.  EUe  montre  sur  I'ensemble  une  legere  superiority  du  modele. 

La  figure  15  montre  a  titre  d'exemple  un  combat  pilote-modele  enregistre  lors  de  cette  campagne.  Les 
conditions  d'engagement  sont  rigoureusement  symetriques  :  mimes  avions  a  la  mime  masse  se  presentant  a  mime 
vitesse  (M  =  0.9)  et  mime  altitude  (Z  =  6  km),  en  face  a  face  decale  de  3  km.  Dans  le  cas  presente,  e'est  l'avion  B 
qui  est  pilote  par  LAMA. 

Les  f  premieres  secondes  sont  neutralises  pour  permettre  au  pilote  cfapprecier  sa  situation  ; 
l'engagement  debute  reellement  au  moment  du  croisement.  Les  deux  adversaires  virent  alors  1'un  vers  1'autre  au 
maximum  des  possibilites  de  l'avion  et  s'engagent  dans  une  spirale  descendante.  II  n'y  a  pas  de  prise  (favantage 
avant  le  temps  70  s  ;  a  cet  instant  le  pilote  doit  mal  apprecier  la  meilleure  manoeuvre  a  effectuer,  LAMA  prend 
favantage  et  l'ameliore  progressive ment  jusqu'a  itre  en  bonne  position  pour  tirer  au  temps  120  s. 


4.  CONCLUSION 

Aujourd'hui  on  peut  affirmer  que  les  objectifs  poursuivis  au  depart  ont  ete  atteints. 

LAMA  est  un  programme  qui  a  iti  reconnu  valable  pour  juger  de  1'efficacite  d'un  avion  en  combat 
aerien  a  un  contre  un.  Cest  done  un  outil  qui  permet  de  comparer  differents  systemes,  soit  ordinateur/ordinateur, 
soit  pilote/ordinateur  sur  simulateur. 
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C'est  a  ce  titre  qu'il  fait  maintenant  partie  integrante  des  moyens  de  recherche  de  nouvelles  formules 
d'avion  ou  de  nouveaux  systemes  d'armes,  et  ceci  quel  que  soit  le  type  d'armement  envisage. 

Pour  les  comparaisons  de  systemes,  deux  processus  ont  ete  utilises,  suivant  le  probleme  pose  ;  on  peut  : 

-  soit  opposer  chacun  des  systemes  en  competition  a  un  adversaire  de  reference  donne 

-  soit  les  opposer  systematiquement  deux  a  deux. 

Les  pourcentages  de  combats  gagnes,  nuls  et  perdus,  permettent  alors  de  les  classer  et  de  conclure 

(fig.  16). 

Cette  utilisation  de  LAMA  en  fait  un  instrument  de  mesure  dont  1'emploi,  comme  tel,  necessite 
quelques  precautions.  11  est,  entre  autres,  indispensable  de  s'assurer  que  ni  les  conditions,  initiates,  ni  le  critere  de 
gain  choisi  ne  peuvent  fausser  les  resultats. 

De  plus,  le  succes  des  phases  de  validation  sur  simuiateur  a  fait  apparattre  une  autre  utilisation  possible 
pour  LAMA  :  cet  hostile  performant,  pouvant  simuler  n'importe  quel  systeme  connu,  peut  Stre  utilise  comme 
moyen  rfentralnement  des  pilotes.  Cette  nouvelle  fonction  de  LAMA  necessite  de  developer  autour  du  modele  des 
moyens  d*information  sur  la  strategie  qu'il  adopte,  afin  (faccrottre  ses  qualites  pedagogiques. 

Signalons,  enfin,  que  des  travaux  sont  actuellement  en  cours  pour  adapter  ce  modele  au  combat 
multi-avions  pour  prendre  en  compte  le  contexte  operationnel. 
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THE  ASSESSMENT  OF  AIRCRAFT  COMBAT  EFFECTIVENESS  USING  A  NEW  COMPUTATIONAL  METHOD 


by 

Michael  Falco  and  Gilbert  Carpenter 
Research  Department  V.S.  A 08- 35 
Grumman  Aerospace  Corporation 
Bethpage,  NY  11714,  USA 


SUMMARY 

This  paper  presents  a  synopsis  of  the  experience  gained  using  a  newly  developed  computational  method 
for  the  assessment  of  aircraft  combat  effectiveness  in  the  design  concept  phase.  The  approach  employs  a 
stochastic  learning  method,  in  conjunction  with  dynamic  simulation,  to  derive  aircraft  maneuver  strategies 
in  the  form  of  a  feedback  control  based  upon  a  discretized  set  of  threat  visual  or  warning  system  cues.  The 
derived  strategies  maximize  either  survival  probability  or  kill  probability  in  the  one-on-one  setting. 
Computational  results  are  presented  for  selected  aircraft  designs  in  missile  and  gun  combat. 

INTRODUCTION 

In  the  early  phases  of  combat  aircraft  design,  there  is  a  need  for  a  methodology  to  better  quantify 
combat  effectiveness  in  terms  of  such  aircraft  system  attributes  as  maneuver  performance,  threat  warning 
capability,  weapon  lethality,  and  countermeasure  capability.  The  associated  models  are  required  to  be  of 
high  fidelity  in  terms  of  dynamical  similitude  and  yet  flexible  enough  to  allow  an  orderly  evaluation  of  the 
sensitivity  of  the  effectiveness  measure  to  changes  in  the  system  attributes.  To  be  meaningful,  it  is 
necessary  to  have  a  methodology  that  utilizes  kill  probability  as  the  effectiveness  measure  and  develops  an 
"optimal"  effectiveness  solution  for  each  parametric  case  of  the  combat  model  considered.  Moreover,  the 
optimal  effectiveness  solutions  for  each  case  must  be  computed  for  all  relative  geometries  for  which  combat 
can  be  initiated.  Solution  optimality  is  important  for  consistent  comparisons  between  systems,  and  to  mini¬ 
mize  maneuver  strategy  prejudgements  and  bias  factors  introduced  by  the  analyst. 

Application  of  modern  optimal  control  and  differential  game  theory  methods  seem  well  suited  to  these 
problems  at  first  sight.  However,  the  pioneering  effort  of  Isaacs  (Ref.  1),  followed  by  those  of  Breakwell 
and  Merz  (Ref.  2) ,  indicate  that  there  doeB  not  appear  to  be  a  general  systematic  method  for  solution  of 
even  some  simply  structured  pursuit -evasion  games.  This  difficulty  has  led  applications-oriented  investi¬ 
gators  (Ref.  3,4) ,  toward  consideration  of  discrete  game  approximations  which  circumvent  the  analytical 
problems  of  the  continuous  theory,  and  still  offer  some  form  of  sub-optimal  solution  in  more  realistic  combat 
models. 

This  paper  presents  a  partial  summary  of  recent  computational  experience  gained  in  aircraft  design 
applications  using  variations  of  a  stochastic  learning  method  first  reported  in  Ref.  4.  These  applications  are 
more  fully  reported  in  Ref.  5  through  11.  Computational  results  are  summarized  for  three  important  cate¬ 
gories  or  air  combat:  1)  aircraft  avoidance  of  air  to  air  missiles,  Z)  avoidance  of  surface  to  air  missiles,  and 
3)  visual  range  gun  combat.  An  explanation  of  the  maneuver  strategy  development  and  combat  effectiveness 
assessment  methodology  is  given  in  the  discussion  of  the  air-to-air  missile  avoidance  case. 

The  same  approach  has  been  extended  to  problems  of  land  warfare,  particularly  armored  vehicle  maneu¬ 
ver  effectiveness  and  survivability  against  anti-tank  missile  threats  (Ref.  8,  10,  11).  Corroboration  of  the 
computer  derived  solutions  for  specific  threat  cases  has  been  obtained  in  independent  field  trials  with  the 
actual  systems. 

HELICOPTER  MANEUVERABILITY/AIR-TO-AIR  MISSILE  THREAT 

One  of  the  important  questions  impacting  combat  helicopter  advanced  concepts  concerns  quantifying  the 
survivability  gains  that  may  be  achieved  by  lightweight,  high  performance,  high  agility  designs.  The 
question  being  addressed  is  whether  high  performance  and  maneuver  capability  can  impart  strong  surviv¬ 
ability  against  selected  threats,  thereby  minimizing  dependence  on  countermeasure  equipment  and  terrain 
masking  tactics. 

The  threat  missile  in  this  survivability  study  is  an  anti-tank  guided  missile  (ATGM)  of  4  km  maximum 
range  capability  employed  in  the  air-to-air  mode  by  a  threat  helicopter.  Earlier  investigations  have 
postulated  the  need  for  evading  aircraft  to  be  equipped  with  a  threat  warning  system  in  order  to  achieve  a 
reasonable  measure  of  survivability  against  missile  threats.  The  aircraft  in  these  investigations  is  assumed 
to  employ  an  active  radar  warning  system  supplying  relative  range  and  azimuth  information  regarding  the 
incoming  threat.  The  baseline  configuration  for  this  warning  receiver  mode)  employs  12  azimuth  gates  and 
7  range  gates  from  0.25  km  out  to  a  maximum  detection  range  of  5  km,  as  shown  in  Fig.  1.  This  config¬ 
uration  is  indicative  of  the  warning  receiver  performance  levels  that  are  projected  for  operational  systems 
in  the  near  future.  At  each  threat  warning  contingency  (represented  by  one  of  the  7  x  12  =  84  range/ 
azimuth  cells),  the  aircraft  is  allowed  a  choice  from  a  finite  number  of  elemental  maneuvers.  Five  elemental 
maneuver  choices  are  shown  in  Fig.  1.  The  choices  may  be  comprised  of  maximum  performance  turns, 
climbs,  dives,  acceleration,  deceleration,  and  a  straight  ahead  constant  speed  policy.  An  aircraft  evasive 
maneuvering  strategy  is  the  selection  of  an  elemental  maneuver  for  each  threat  warning  cell.  An  optimal 
strategy  is  a  strategy  which  maximizes  aircraft  survivability  for  all  launch  initial  conditions. 

The  stochastic  learning  method  is  comprised  of  two  phases:  a  reinforcement  learning  phase,  in  which 
the  optimized  evasive  strategy  is  ultimately  derived,  and  a  statistics  phase.  The  learning  phase  involves 
the  development  of  a  decision  table  that  consists  of  a  probability  distribution  used  in  the  selection  of  an 
elemental  maneuver  for  each  warning  contingency.  That  table  is  shown  in  its  initial  form  at  the  upper 

right  of  Fig.  2.  The  column  indices  1 . 5  under  the  control  caption  are  the  five  elemental  maneuver 

choices.  The  row  indices,  labeled  R,  ranging  from  1,  ....  84  represent  the  threat  warning  contingencies. 
Initially,  the  choice  of  maneuver  for  each  contingency  is  governed  by  sampling  from  the  equally  likely 
discrete  distribution,  as  shown. 
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Fig.  2  Stochastic  Learning  Method 


A  random  initial  condition  for  the  combat  is  selected  and  both  aircraft  and  threat  trajectories  dynnm 
ically  simulated.  The  aircraft  employs  a  selected  maneuver  within  the  initial  contingency  cell  until  a  second 
cell  is  entered  and  another  maneuver  choice  is  made.  Threats  may  be  launched  outside  the  range  of  the 
warning  space.  In  this  case,  the  aircraft  maintains  its  current  speed  and  heading  until  the  threat  first 
enters  the  warning  space  at  which  time  the  control  selection  process  begins.  This  simulation  process  is 
continued  until  warhead  detonation  or  flyby,  and  a  kill  or  survival  event  is  calculated  using  the  probabil 
ity  of  kill  distribution  derived  from  the  warhead  lethality  function.  In  the  process  of  simulating  the 
trajectories,  the  sequential  contingency /control  pairs  employed  by  the  aircraft  are  temporarily  stored. 

Based  upon  the  kill /survival  event,  the  probability  associated  with  those  control  choices  made  for  each 
contingency  are  modified  by  a  reinforcement  rule.  For  the  survival  event,  the  probability  of  employing 
the  same  elemental  maneuver  for  each  stored  contingency  is  increased,  and  is  decreased  for  the  kill  event. 
The  trajectory  simulation  and  table  modification  process  is  repeated  over  all  possible  threat  launch  range 
and  azimuth  initial  conditions  using  a  random  selection  method.  Approximately  100  launches  per  warning 
cell  or  8400  total  trajectories  are  numerically  simulated  to  produce  a  converged  decision  table.  The  8400 
trajectories  require  approximately  20  minutes  computer  (CPU)  time  on  IBM  370/168  systems. 

In  the  statistics  phase  the  converged  decision  table  is  fixed.  Random  starting  conditions  are  then 
selected  and  trajectories  dynamically  simulated.  In  a  manner  typical  of  Monte  Carlo  approaches,  the 
averaged  probability  of  kill  and  missile  warhead  detonation  distance  statistics  are  computed  for  each  warn¬ 
ing  (or  launch)  cell. 

In  this  paper,  the  helicopter  maneuver  choices  are  restricted  to  those  which  maintain  a  low  constant 
altitude.  The  combat  altitudes  were  dependent  upon  helicopter  initial  speed  and  ranged  between  15  meters 
at  hover  to  26  meters  at  maximum  speed.  Both  vertical  and  composite  vertical /horizontal  maneuver  models 
can  also  be  investigated  with  this  methodology,  but  are  not  reported  here. 

The  maneuver  vectorgram,  labeled  control  set  I  in  Fig.  3,  is  aimed  at  quantifying  the  impact  of 
longitudinal  and  turn  maneuver  capability  in  constructing  an  effective  evasive  maneuvering  strategy 
throughout  the  whole  speed  range  from  hover  to  maximum  level  flight  speed.  At  forward  speed,  the  heli¬ 
copter  can  command  maximum  transient  (or  sustained)  load  factor  turns,  labeled  (1)  and  (5);  maximum 
longitudinal  acceleration ,  ( 2) ;  or  maximum  longitudinal  deceleration ,  ( 4) ;  as  well  as  maintaining  the  current 
speed  and  heading,  (3).  At  very  low  forward  speeds  Including  hover,  the  load  factor  turns  Rre  replaced 
with  maximum  rate  pedal  turns. 
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CONTROL  SET  II 


The  maneuver  vectorgram  at  right,  captioned  control  set  II,  is  aimed  at  quantifying  the  impact  of 
lateral  acceleration  (sideward  flight)  and  pedal  turn  capability  in  constructing  a  maneuver  strategy 
at  or  near  hover  speeds  only.  Choices  (1)  and  (5)  represent  maximum  performance  pedal  turns; 
choices  (2)  and  (4)  maximum  performance  lateral  accelerations;  and  choice  (3)  maintains  current  lateral 
speed  at  the  current  aircraft  heading. 

Figure  4  graphically  summarizes  the  sea  level  maximum  maneuver  capability  data  associated  with  the 
elemental  maneuver  models  of  Fig.  3,  for  a  conceptual  enhanced  performance  version  of  a  current  helicopter 
design.  The  maximum  commanded  turn  capabilities  shown  at  upper  left  are  employed  for  choices  (1)  and  (5) 
in  control  sets  I  and  II.  For  the  case  of  maximum  transient  turn,  the  associated  longitudinal  transient 
deceleration  is  shown  at  the  upper  right.  The  maximum  longitudinal  acceleration  and  deceleration  capa¬ 
bilities  utilized  for  choices  (2)  and  (4)  in  control  set  I,  are  given  in  the  two  lower  diagrams.  The  lateral 
acceleration  required  for  choices  (2)  and  (4)  of  control  set  II  is  given  in  the  diagram  at  lower  left.  These 
studies  employ  first  order  models  for  the  aircraft  transient  response  to  the  maximum  acceleration  and  rate 
commands . 
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Fig.  4  Maximum  Mantuatf  Capability 


The  threat  is  an  optically  tracked,  wire  guided  missile  employing  a  semi-automatic  command  to  line  of 
sight  guidance  system.  This  threat  was  originally  designed  for  launch  against  ground  combat  vehicles,  but 
has  air-to-air  application  as  well.  It  is  assumed  to  have  a  245  m/sec  sustainer  velocity,  maximum  range 
of  4  km,  and  maximum  flight  time  of  16.3  seconds.  In  addition,  it  is  assumed  to  have  a  4  g  maximum 
lateral  maneuver  capability ,  and  that  the  launch  aircraft  is  at  co-altitude  with  the  target .  The  low 
altitude  of  the  target  allows  the  survivability  results  to  be  safely  extrapolated  to  ground  launched  cases  as 
well.  This  threat  is  normally  equipped  with  a  shaped-charge  contact  fuze  warhead  for  armor  penetration. 


However,  proximity  fuze  warheads  employing  expanding  rod  or  fragment  kill  mechanisms  are  also  indicated 
to  be  adaptable  to  this  missile  airframe,  and  two  of  these  types  were  considered  In  this  Investigation.  The 
contact  fuze  warhead  lethality  model  utilizes  a  probability  of  kill,  Pfc  =  1.0  for  missile  contact  anywhere  on  the 
helicopter  fuselage  envelope.  Two  proximity  fuze  warhead  models  are  described  in  Fig.  5.  Warhead  A  de¬ 
notes  an  expanding  rod  warhead  as  used  in  short  range  air-to-air  missiles.  Warhead  B  is  the  largest  blast/ 
fragment  warhead  that  can  be  accommodated  by  the  missile  airframe  and  propulsion  configuration.  The  kill 
effectiveness,  ,  of  these  two  warheads  is  given  as  a  function  of  detonation  distance  Rjjet  (from  the  target 
eg).  The  data  shown  represent  an  average  of  all  warhead /tar get  detonation  aspects;  however,  functional 
dependence  upon  aspect  is  considered  in  the  studies. 
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The  aircraft  survivability  or  equivalently  the  missile  kill  effectiveness  results  (P^)  for  the  ATGM 
threat  for  all  launch  conditions  are  calculated  and  presented  in  the  helicopter  warning  space  coordinate 
system  for  convenience.  In  this  case  the  maximum  effective  launch  range  of  the  threat  [4  km]  was  less 
than  the  maximum  detectable  range  of  the  warning  system  [5  km]  .  (The  results  could  also  be  presented 
in  a  space  relative  to  the  launch  aircraft  and  would  represent  the  effective  launch  envelope  for  that 
missile  against  an  optimally  maneuvered  evader.)  Threat  launches  were  initiated  from  72  of  the  84  range/ 
azimuth  cells  within  the  5  km  maximum  range  in  both  learning  and  statistics  phases.  No  launches  were 
simulated  from  the  12  cells  making  up  the  inner  range  ring  (range  less  than  0.25  km)  due  to  severe 
missile  guidance  transients  at  very  short  target  ranges.  It  should  be  noted  that  in  all  results  presented, 
the  attacking  aircraft  is  assumed  to  maintain  a  speed  equal  to  the  initial  speed  of  the  target,  and  fly  a  pure 
pursuit  navigation  course  toward  the  target  during  missile  flyout. 

Figure  6  shows  the  kill  effectiveness  of  the  ATGM  equipped  with  the  expanding  rod  type  warhead . 
Because  of  left-right  symmetry  considerations,  only  half  of  the  warning  space  need  be  shown.  Four  levels 
of  kill  effectiveness  (Pk)  are  given  to  simplify  the  presentation.  The  legend  at  lower  center  is  employed 
throughout  this  section.  The  origin  of  each  semicircular  plot  corresponds  to  the  helicopter  position  at 
missile  launch,  and  the  aircraft  initial  heading  (0°)  is  shown  by  the  helicopter  symbol.  Head-on  launches 
correspond  to  0°  to  30°  azimuth  sectors,  and  tail  aspect  launches  150°  to  180°,  respectively.  The  kill 
results  are  presented  for  four  helicopter  initial  speed  condition  groups,  beginning  with  hover  at  upper 
left,  and  progressing  clockwise  to  maximum  speed  at  the  lower  left.  Within  each  of  the  four  speed  groups, 
the  left  semicircle,  labeled  nonmaneuxor,  represents  missile  kill  effectiveness  when  the  aircraft  maintains 
its  current  speed  and  heading.  This  case  is  important  for  quantifying  target  speed  effects  without 
maneuver,  and  is  useful  for  establishing  baseline  survivability  measures  without  use  of  threat  warning  and 
optimal  maneuver.  Clearly,  a  scan  of  the  nonmaneuver  cases  for  the  four  initial  speeds  indicates  improving 
survivability  in  longer  range  rear  aspect  launches  with  increasing  speed ,  but  at  the  expense  of  reduced 
survivability  in  the  corresponding  forward  launch  cases.  In  addition,  a  small  window  of  improving  sur¬ 
vivability  for  short  range  beam  launch  cases  can  be  seen  developing  with  increased  speed;  this  is  due  to 
guidance  transients  associated  with  high  line  of  sight  rate  targets.  The  nonmaneuver  cases  show  that 
speed  alone  (equivalent  to  no  threat  warning)  does  not  provide  sufficient  survivability  against  the  ATGM 
with  Warhead  A .  The  semicircles  labeled  OPT  I  in  each  of  the  four  speed  groups  quantifies  the  surviv¬ 
ability  improvements  that  can  be  achieved  with  the  84  cell  warning  system,  together  with  an  optimal 
maneuvering  strategy  drived  from  control  set  I.  In  the  four  results  labeled  OPT  I,  the  helicopter  employed 
its  maximum  transient  load  factor  turn  performance  for  choices  (1)  and  (5).  One  can  see  that  surviv¬ 
ability  is  still  poor  with  combat  initiated  at  hover,  although  small  improvements  exist  for  tail  launches  at 
the  4  km  range.  This  is  due  to  helicopter  acceleration  away  from  the  oncoming  missile  and  the  missile 
maximum  range  limitation.  However,  at  higher  initial  speeds,  optimal  maneuvering,  employing  transient 
load  factor  performance  can  provide  high  survivability.  The  lack  of  effectiveness  of  control  set  II 
(lateral  acceleration  and  pedal  turns)  In  constructing  an  optimal  maneuver  strategy  from  hover  Is 
shown  by  the  shaded  semicircle  labeled  OPT  II.  This  result,  together  with  that  for  OPT  I  to  the  immediate 
left,  indicate  the  low  survivability  afforded  by  maneuver  against  the  ATGM  with  warhead  A  at  hover  flight 
speeds . 

The  sensitivity  of  survivability  of  the  enhanced  performance  helicopter  to  variations  in  ATGM  warhead 
type  and  lethality  is  shown  in  Fig.  7.  The  three  warhead  types;  contact,  proximity  Warhead  A,  and 
proximity  Warhead  B ,  have  been  examined  at  the  helicopter  minimum  power  required  initial  speed .  The 
helicopter  employs  control  set  I  with  maximum  transient  turns  for  elemental  maneuvers  (1)  and  (5)  in  the 
optimal  strategy  development.  The  nonmaneuver  and  optimal  survivability  results  for  Warhead  A  are 
repeated  at  lower  left.  Corresponding  survivability  results  for  the  contact  fuzed  warhead  are  shown  upper 
center;  those  for  Warhead  B  are  shown  at  the  lower  right.  The  nonmaneuver  results  are  statistically 
equivalent  in  all  cases  and  typify  the  small  miss  distances  achievable  by  the  missile  guidance  system 
against  constant  velocity  targets.  The  helicopter  can  be  made  completely  survivable  against  the  contact 
fuzed  ATGM  using  optimal  maneuvering  at  this  initial  aircraft  speed.  However,  the  corresponding  result 
for  Warhead  B  indicates  that  optimal  maneuver  would  be  completely  ineffective.  These  results  Indicate  the 
strong  interplay  between  missile  warhead  lethality  and  guidance,  and  the  need  for  carefully  timed  deploy¬ 
ment  of  the  aircraft's  maximum  maneuver  capability  to  generate  adequate  miss  distanoes. 
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Fig.  8  Htiicoptar  Survivability 
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TACTICAL  FIGHTER  MANEUVERABILITY /SURFACE  TO  AIR  MISSILE  THREAT 

The  second  combat  category  concerns  the  assessment  of  survivability  of  a  tactical  aircraft  designed 
expressly  for  supersonic  cruise  and  weapon  delivery  against  surface  to  air  missile  (SAM)  threats.  The 
effectiveness  of  supercruiser  penetration  speed /altitude  and  optimal  maneuvering  against  a  representative 
SAM  are  the  main  questions  of  interest  in  this  study.  Figure  9  shows  the  supercruiser  threat  warning  and 
elemental  maneuver  models  employed  in  the  computational  development;  the  construction  closely  parallels 
that  employed  in  the  preceding  case  study.  The  aircraft  is  assumed  to  be  equipped  with  an  active  warning 
receiver  comprised  of  12  azimuth  and  11  range  thresholds  with  a  maximum  threat  detection  range  of  14.6  km. 
The  aircraft  maximum  maneuver  choices  comprise  transient  (or  sustained)  turns,  maximum  symmetrical 
climbs,  dives,  and  straight  flight.  The  performance  capability  of  the  supercruiser  for  which  surviv¬ 
ability  assessments  are  to  be  presented  is  shown  in  Fig.  10.  A  structural  limit  load  factor  constraint  of 
6.5  g's  was  observed  in  the  maneuver  development. 

The  representative  SAM  threat  is  launched  by  a  rocket  booster  from  a  transporter  vehicle  and  is 
sustained  in  flight  by  a  ramjet  engine.  The  missile  employs  proportional  navigation  guidance  with  variable 
gain  and  has  a  maximum  range  of  approximately  23  km.  The  missile  lateral  maneuver  capability  is  sum¬ 
marized  in  Fig.  11.  The  aircraft  terminal  vulnerability  to  the  proximity  fuzed  missile  warhead  is  shown  in 
Fig.  12.  Here  the  kill  probability  is  dependent  upon  the  detonation  distance  Rdet-  and  aspect  angle  8. 

The  angle  8  is  measured  in  the  plane  containing  the  aircraft  velocity  vector  and  the  translated  missile 
velocity  vector. 
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Fig.  10  Aircraft  Maneuver  Capability 


Fig.  11  Threat  Maneuver  Capability 


Fig.  12  Warhead  Lethality 


For  this  computational  study ,  the  missile  effectiveness  results  will  be  presented  for  all  initial  con¬ 
ditions  in  a  coordinate  space  centered  at  the  missile  launcher,  as  shown  in  Fig.  13.  The  two  coordinates 
comprising  this  space  are  target  ground  range  Rx„ ,  and  target  azimuth  .  The  space  is  arbitrarily 
divided  into  8000  ft.  (1.83  km)  range  increments  out  to  78,000  ft.  (23.8  km)  and  30  degree  increments  in 
azimuth  to  simplify  the  presentation  of  results.  The  target  aircraft  always  begins  the  combat  with  its 
velocity  vector  parallel  and  codirectional  with  ut  =  180°  azimuth.  Head-on  launches  are  speclficed  by 
between  0°  and  30°  and  tail  launches,  150°  to  180°. 

Five  aircraft  penetration  speed /altitude  conditions  with /without  optimal  maneuvering  have  been 
assessed  against  this  threat:  three  supersonic  and  two  subsonic.  Figure  14  shows  the  missile  kill  effec¬ 
tiveness  for  each  of  the  penetration  conditions.  The  left  hemisphere  for  each  condition  shows  missile  kill 
effectiveness  for  the  nonmaneuvering  case,  and  reflects  survivability  without  any  threat  warning.  The 
right  hemisphere  results  indicate  what  survivability  gains  may  be  achieved  with  the  14.6  km  warning  system 
and  optimal  evasive  maneuvering.  As  a  reminder,  the  Pk  in  each  Rxy,  cell  is  an  average  kill  effective¬ 
ness  of  the  missile  when  the  aircraft  is  in  that  cell  at  the  time  of  launch . 
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Fig.  13  Initial  Condition  Format 


Fig.  14  Supareniinr  Su  nr  nubility 


The  results  against  this  threat  indicate  that  survivability  for  this  aircraft  design  is  extremely  low  for 
subsonic  penetrations  in  the  nonmaneuvering  case.  Two  sections  of  the  launch  space  where  this  is  not 
true  are  indicated  by  numerals  I  and  II  in  Fig.  14.  Low  kill  effectiveness  in  I  is  due  to  missile  launch  elevation 
constraints,  and  in  II,  due  to  the  aircraft  being  able  to  outdistance  the  missile  range  capability  by  main¬ 
taining  its  penetration  speed.  Optimal  maneuvering  in  the  subsonic  case  improves  survivability  dramatically, 
but  does  not  exhibit  low  kill  effectiveness  for  the  entire  missile  launch  space.  The  Mach  1.6  penetration 
case  at  both  altitudes  indicates  the  need  for  threat  warning  and  optimal  maneuver  to  achieve  satisfactory 
survivability.  The  Mach  2.0  penetration  indicates  that  the  aircraft  can  basically  outrun  the  missile  over 
most  of  its  launch  space  without  the  need  for  maneuvering . 

Other  parametric  studies  involving  supercruiser  control  response  and  threat  warning  requirements 
for  successfully  implementing  evasive  maneuvers  against  SAM  threats  are  reported  in  Ref.  8. 

FIGHTER  MANEUVERABILITY /VISUAL  RANGE  GUN  COMBAT 

The  one-on-one  gun  combat  problem  requires  that  one  determine  the  domains  of  combat  initial  condi¬ 
tions  (positions,  velocities)  for  which  each  of  the  combatants  has  a  unilateral  capability  in  deciding  the 
outcome  of  the  combat.  The  comparative  size  of  these  domains  furnishes  a  quantitative  measure  of 
superiority  of  one  vehicle  over  the  other.  To  determine  these  domains,  the  computational  method  was  first 
employed  with  each  side  maximizing  his  kill  probability,  and  secondly,  with  one  combatant  maximizing  kill 
probability  with  the  other  maximizing  survivability.  These  separate  solutions  determine  domains  where  each 
vehicle  is  best  operated  offensively ,  and  where  each  should  operate  with  survivability  as  the  main  goal . 

The  threat  cueing  model  employed  in  the  maneuvering  strategy  construction  for  the  gun  combat 
studies  is  depicted  in  Fig.  15.  The  threat  cueing  visual  sphere  contains  two  volumes  in  which  two  dis¬ 
tinctly  different  maneuvering  policies  are  defined .  The  tactical  volume  contains  maximum  maneuver 
sequences  comprised  of  the  elemental  maneuver  choices  shown  in  Fig.  16.  The  gun  tracking  volume  employs 
lead-pursuit  tracking  maneuver  commands.  The  optimal  maneuver  strategies  are  computed  for  each 
combatants  tactical  volume  by  the  stochastic  learning  method.  The  kill  or  survival  probabilities  for  all 
initial  conditions  are  calculated  by  simulation,  as  before,  using  the  respective  optimal  strategies. 
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The  case  study  reported  here  quantifies  the  improved  domain  of  superiority  in  gun  combat  of  air¬ 
craft  with  high  deceleration  capability  (as  might  be  obtained  by  in-flight  thrust  reversing)  against  con¬ 
ventional  opponents.  For  the  representative  study,  the  maximum  visual  detection  range  for  the  tactical 
volume  was  assumed  to  be  48,000  ft.  (14.6  km).  The  lead  pursuit  tracking  volume  was  assumed  to  have  a 
±10°  off  axis  capability  with  maximum  range  3000  ft.  (0.9  km).  In  this  tactical  volume,  each  combatant  can 
be  provided  with  relative  range,  azimuth,  elevation,  heading,  and  speed  cues  relative  to  his  adversary  in  a 
manner  consistent  with  realistic  visual  threshold  capabilities.  Only  three  threat  cues  have  been  assumed  in 
the  computational  results  presented:  relative  range,  azimuth  and  heading.  It  was  assumed  that  the  oppo¬ 
nent's  relative  heading  was  not  detectable  beyond  17,000  ft.  (3.7  km).  For  this  specific  presentation,  a  kill 
event  was  determined  by  a  simplified  criteria:  a  3  second  cumulative  time  spent  within  the  adversaries  track¬ 
ing  volume.  Along  with  the  simplified  kill  criteria,  lead  pursuit  tracking  commands  were  not  employed  in  the 
tracking  volume,  but  maximum  maneuver  choices  determined  by  the  stochastic  learning  method  instead.  More 
detailed  kill  representations  including  aircraft  ballistic  vulnerability,  gun,  fire  control,  and  projectile  char¬ 
acteristics  can  be  incorporated  within  the  framework  of  the  computational  method,  but  are  beyond  the  intent  of 
this  paper.  Both  aircraft  are  assumed  to  possess  identical  normal  load  factor  and  longitudinal  acceleration 
capabilities .  The  Blue  aircraft  will  be  given  a  longitudinal  deceleration  capability  of  3  g's  greater  than  Red 
for  the  combat  altitude  examined.  The  3  g  differential  represents  a  hypothetical  design  limit  condition  and  was 
selected  to  determine  how  sensitive  the  optimal  effectiveness  solutions  are  to  large  between-aircrsft  deceleration 
parameter  differences.  In  the  results  to  be  shown,  both  aircraft  begin  combat  at  M=0.9  at  sea  level  and  do  not 
employ  vertical  plane  maneuvers  in  the  strategy  development.  Both  aircraft  have  a  maximum  level  speed 
capability  of  M=1 . 2  at  the  selected  altitude. 

The  plot  at  the  upper  left  of  Fig.  17  shows  the  gun  kill  effectiveness  of  Blue  and  Red  (see  legend  at 
lower  left)  for  all  Red  range  and  azimuth  combat  initial  conditions  relative  to  the  Blue  aircraft.  In  this 
baseline  case.  Blue  has  identical  longitudinal  deceleration  capability  as  Red  (1.5  g's)  and  both  combatants 
maximize  kill  probability.  All  results  in  Fig.  17  only  apply  for  the  case  when  Red  has  initial  headings 
within  ±45°  to  that  of  Blue,  as  depicted  by  the  inset  arc  diagram.  All  other  initial  relative  heading  cases 
did  not  produce  solutions  of  measureable  effectiveness  for  either  combatant. 
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The  result  at  upper  right  indicates  the  extent  of  the  gain  in  effectiveness  to  the  rear  and  side  by  the 
improved  performance  Blue  when  engaging  an  "aggressive"  Red  combatant.  Kill  effectiveness  is  also 
improved  in  the  forward  sectors  at  short  range  (0.45  km).  In  this  latter  case,  the  deceleration  advantage 
is  employed  by  Blue  to  maintain  Red  in  the  outer  portion  of  his  tracking  volume.  As  in  the  plot  at  the 
upper  left,  both  combatants  maximize  kill  probability.  The  maneuver  tactic  by  Blue  for  the  side  and  rear 
initial  conditions  is  to  force  Red  to  "overshoot."  In  this  case,  the  computer  generated  Blue  tactic  is  a 
"scissors"  maneuver  employing  rapid  turn  reversals  with  interspersed  deceleration  segments.  The  corre 
bonding  aggressive  tactic  employed  by  Red  is  also  a  scissors  maneuver. 

The  result  at  lower  right  indicates  the  effectiveness  of  the  improved  Blue  aircraft  when  Red 
maximizes  his  survival  probability.  The  fact  that  Blue  loses  so  much  capability  in  the  rear  and  side  sectors 
is  due  to  Red  "breaking  off"  or  turning  away  to  force  a  draw  outcome.  The  disparity  in  computer  aggres¬ 
sive/survival  solutions  can  be  paralleled  to  the  "learning  effect”  noticed  in  mock-combat  flight  tests.  Both 
combatants  generally  employ  aggressive  tactics  at  the  outset  of  the  trials  until  the  superior  maneuver 
capabilities  of  one  opponent  begin  to  dominate  for  certain  starting  conditions.  The  inferior  aircraft  then 
switches  to  defensive  maneuvering  tactics  to  reduce  the  effectiveness  of  the  superior  aircraft.  This 
learning  effect  is  accelerated  when  the  same  pilots  are  given  rotating  assignments  operating  each  of  the 
aircraft . 

One  can  see  from  the  collective  solutions  of  Fig.  17  that  the  set  of  initial  conditions  for  unilateral 
gun  combat  superiority  for  each  aircraft  are  contained  within  a  relative  range  of  6000  ft.  (1.83  km)  and 
within  relative  headings  within  ±45°.  These  results  also  suggest  that  the  improved  Blue  aircraft  can  deny 
Red  any  offensive  capability  in  gun  combat  except  for  rear  attacks  within  the  0.45  and  0.9  km  range 
sector  and  within  t45°  angles-off  the  tail.  Although  the  corresponding  results  are  not  shown  here,  Blue 
should  operate  defensively  only  within  these  rear  sectors . 

CONCLUDING  REMARKS 

This  paper  has  sketched  the  development  and  application  of  a  digital  simulation  technique  incorporating 
optimization  and  game  theory  concepts  for  assessment  of  combat  aircraft  maneuver  effectiveness.  The 
numerical  experience  to  date  suggests  that  a  respectable  amount  of  model  detail  regarding  the  integrated 
use  of  maneuver,  threat  warning,  countermeasure  and  weapon  capability  can  be  considered  in  design  studies, 
and  that  system  effectiveness  assessments  can  be  accomplished  within  reasonable  computer  time  budgets. 

! 


The  solutions  generated  by  this  approach  can  also  be  of  value  when  used  in  conjunction  with  manned 
simulation  and  mock  combat  flight  experiments,  by  providing  preliminary  evaluations  of  the  more  sensitive 
aircraft /weapons  parameters  and  by  locating  the  envelopes  of  combat  initial  conditions  of  maximum  effec¬ 
tiveness  or  greatest  sensitivity.  The  discrete  optimal  maneuver  solutions  may  br  of  value  in  training  device 
applications  (computer  adversary  using  optimal  maneuver)  and  in  the  development  of  effective  maneuver/ 
countermeasure  tactics  at  the  operational  level. 

In  the  future,  additional  effort  must  be  dedicated  to  flight  trial  verification  of  the  mathematical  model 
approximations  and  the  authenticity  of  the  computed  optimal  solutions.  Continued  research  is  warranted  in 
the  application  of  the  theory  of  modern  optimal  control,  differential  games,  and  stochastic  processes,  to 
provide  improved  or  alternative  solution  concepts  and  rapidly  convergent  numerical  procedures  in  both  the 
one-on-one  and  m-on-n  combat  models. 
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SUMMARY 

The  development  of  advanced  fighter  concepts  at  McDonnell  Aircraft  Company  has  been 
significantly  influenced  by  air  combat  simulation.  Both  man-in-the-loop  and  digital 
combat  simulation  are  excellent  tools  for  developing  and  screening  advanced  fighter 
concepts.  One  important  application,  discussed  in  this  paper,  is  the  evaluation  of 
fighters  with  high  authority  aerodynamic  and  propulsive  controls.  Manned  and  digital  air 
combat  simulations  showed  that  high  authority  controls  substantially  increase  combat 
effectiveness  when  used  both  to  enhance  large  scale  maneuverability  and  for  automatic 
pointing  of  the  fuselage. 

Digital  simulation  has  shown  that  fighters  with  high  authority  direct  force  modes 
require  lower  sustained  load  factors  them  conventional  designs  for  a  constant  level  of 
effectiveness  in  close-in  combat.  Therefore,  fighters  with  direct  force  modes  can  be 
lighter  and  less  expensive  than  conventional  aircraft. 

In  a  recent  manned  simulation  of  close-in  combat,  single  fighters  with  several  levels 
of  aerodynamic  and  propulsion  control  authority  were  flown  against  two  threat  fighters  of 
equal  instantaneous  and  sustained  turn  rate  capability  and  with  identical  avionics  and 
armament.  For  the  fighter  configured  with  the  highest  authority  controls,  many  measures 
of  engagement  control  and  effectiveness  were  double  those  of  the  conventional  (baseline) 
fighter. 


INTRODUCTION 

Digital  and  manned  simulation  has  been  used  for  several  years.  Figure  1,  as  an  effec¬ 
tive  tool  to  investigate  the  combat  benefits  of  fighter  aircraft  with  high  authority  aero¬ 
dynamic  and  propulsive  controls  (“control  configured  fighters").  These  simulations  were 
an  integral  part  of  studies  which  showed  that  attention  to  aerodynamic  and  propulsion 
controls  and  direct  force  modes  early  in  the  design  of  new  fighters  can  significantly 
increase  effectiveness  and  reduce  cost.  Also  the  simulations  played  an  iin>ortant  role  in 
developing  control  configured  fighters  by  screening  a  large  number  of  concepts  and  identi¬ 
fying  plateaus  of  direct  force  magnitudes. 

Control  configured  fighters  are  capable  of  producing  lift,  drag,  side  force,  yaw 
rate,  roll  rate,  and  pitch  rate  independent  of  angle-of-attack,  bank  angle,  or  yaw  angle. 
Figure  2.  The  new  degrees  of  freedom  (direct  lift  and  side  force)  and  the  enhancement  of 
drag,  pitch,  roll,  and  yaw  capability  provide  the  pilot  with  many  advanced  maneuvering 
modes  including  direct  lift,  direct  side  force,  longitudinal  maneuver  enhancement, 
lateral-directional  maneuver  enhancement,  fuselage  aiming,  wings-level  steering,  and 
modulated  drag. 

Direct  lift  provides  body  reference  vertical  translation  without  pitch  rotation.  In 
the  manned  simulation  direct  lift,  as  an  isolated  mode,  had  little  combat  utility.  How¬ 
ever,  direct  lift  capability  is  the  enabling  force  for  most  of  the  effective  advanced 
maneuvering  modes.  Our  analysis  indicates  a  design  goal  of  5g  at  Mach  0.7  and  10,000  feet 
altitude. 

Direct  side  force  provides  body  reference  horizontal  translation  without  yaw  rota¬ 
tion.  Direct  side  force  is  like  direct  lift  in  that  its  most  effective  use  in  air-to-air 
combat  use  is  as  an  enabling  force  for  the  coupled  flight  modes.  Digital  simulations  have 
shown  that  direct  translation  is  useful  for  coupled  air-to-surface  deliveries.  A  design 
goal  of  lg  of  direct  side  force  at  Mach  0.7  and  sea  level  has  been  established  as  a 
desired  authority  level  based  on  "moving  base”  simulation  results. 

Longitudinal  maneuver  enhancement  is  the  blending  of  direct  lift  with  pitch  in  order 
to  provide  rapid,  well  damped  coordination  of  the  pitch  rate  and  the  velocity  vector 
steering  rate.  This  mode  improves  both  maneuvering  and  tracking  with  a  resultant  increase 
both  in  air-to-air  and  air-to-surface  combat  effectiveness.  The  design  goal  for  this  mode 
is  a  buildup  rate  of  8g  per  second. 

Lateral-directional  maneuver  enhancement  is  the  blending  of  direct  forces,  yaw,  and 
roll  rate  to  provide  rapid  but  well  damped  roll  control  (velocity  reference).  The  key  to 
this  mode  is  the  proper  location  of  high  authority  controls  and  their  coordinated  opera¬ 
tion.  Direct  side  force  is  automatically  commanded  to  minimize  lateral  acceleration  at 
the  pilot  station  due  to  roll  or  sideslip.  This  maneuvering  mode  has  shown  large  benefits 
in  close-in  combat  against  multiple-opponents.  The  design  goal  determined  for  roll 
control  is  to  achieve  a  90  degree  change  in  bank  angle  in  one  second  at  the  speed,  angle 
of  attack,  and  load  factor  used  for  maximum  instanteous  turns.  The  combat  effectiveness 
of  the  latest  generation  fighters  is  due  in  part  to  their  ability  to  generate  high  turn 


rates  at  high  trim  angles  of  attack.  However,  these  fighters  are  not  capable  of  producing 
high  roll  accelerations  at  those  high  angles  of  attack.  Roll  acceleration  at  high  angles 
of  attack  can  be  significantly  improved  by  the  coupling  of  aerodynamic  or  propulsion 
controls  to  provide  directional  control. 

Fuselage  aiming  is  body  axis  yaw  and  pitch  rotation  without  changing  normal  load 
factor.  In  air-to-air  combat,  fuselage  aiming  operates  in  a  coupled  mode  with  the  flight 
control  system  automatically  nulling  fire  control  aiming  error  signals.  The  flight 
control  system  commands  direct  lift  and  direct  side  force  to  maintain  pilot  commanded  load 
factor  and  roll  rate  independent  of  body  angle-of-attack  and  yaw  angle.  This  mode  has 
proven  to  be  very  effective  in  multiple-opponent  close-in  combat  when  elevation  independ¬ 
ence  is  great  enough  to  expand  the  gun  envelope  significantly.  Figure  3.  The  ability  to 
lag  the  target  and  achieve  firing  solutions  from  all  aspects  provides  pilots  additional 
maneuvering  flexibility.  Pointing  authority  of  +10  degrees  elevation  and  +5  degrees 
azimuth  at  Mach  0.9  and  10,000  feet  was  established  as  a  design  goal. 

Wings-level  steering,  sometimes  called  azimuth  steering,  uses  direct  side  force  and 
azimuth  fuselage  control  to  rotate  the  velocity  vector  and  the  body  axis  without  sideslip 
or  unconmanded  roll.  Simulations  have  shown  significant  combat  benefits  in  the  visual 
delivery  of  air-to-surface  weapons  as  a  result  of  the  ability  to  make  turns  without 
banking  or  sideslip.  The  design  goal  is  2  degrees  per  second  at  Mach  0.7  and  sea  level. 

Modulated  drag  uses  direct  lift  and  elevation  fuselage  control  to  provide  large 
increases  in  drag  without  changing  the  pilot  commanded  load  factor.  The  capability  to 
rapidly  change  the  energy  state  of  high  thrust-to-weight  fighters  has  shown  benefits  in 
both  air-to-air  and  air-to-surface  combat.  A  design  goal  of  3g  of  deceleration  at  Mach 
0.9  and  10,000  feet  was  established  for  this  mode.  By  automatically  controlling  body 
angle-of-attack  and  direct  lift,  the  lift  to  drag  ratio  can  also  be  maximized  at  all  pilot 
commanded  load  factors . 

The  key  to  the  effective  use  of  these  new  degrees  of  freedom  is  in  automatically 
blending  the  direct  forces  to  provide  large  scale  maneuvering  improvements .  Direct  lift 
and  side  force  are  the  enabling  capabilities  needed  to  mechanize  the  advanced  flight 
modes.  Figure  4.  Our  analysis  indicates  that  only  the  full  ensemble  of  advanced  flight 
modes  provides  significant  improvements  in  effectiveness. 

The  independence  of  angle  of  attack  and  flight  path  load  factor  is  shown  in  Figure  5 . 
At  a  load  factor  of  3g  for  example,  the  fuselage  angle  of  attack  can  be  controlled  to  any 
value  between  -7  and  +14  degrees.  The  maximum  lift-to-drag  value  would  occur  at  3 
degrees.  At  a  constant  angle  of  attack  the  flight  path  load  factor  can  also  be  changed. 
For  example,  at  8  degrees  angle  of  attack  the  load  factor  can  be  any  value  between  -3  and 
+10g  (these  are  structural  limits). 

MANNED  SIMULATION 

The  MCAIR  Manned  Air  Battle  Simulation  Facility  can  simulate  air-to-air  combat, 
air-toground  combat,  or  full  missions.  Surface-to-air  defenses,  visual  weapon  deliveries, 
and  sensor  aided  deliveries  can  be  simulated  during  air-to-ground  combat.  The  facility's 
air-to-air  simulation  capability  has  recently  been  expanded  to  include  twelve  pilots  "in 
the  loop"  plus  command  and  control  operators.  Figure  6.  Four  pilots  fly  from  manned  air 
combat  simulators  (MACS)  while  the  other  eight  pilots  use  manned  interactive  crew  stations 
(MICS) . 

The  manned  simulations  were  analyzed  in  three  parts.  First,  while  tests  were  in 
progress,  the  engagements  were  monitored  by  the  test  conductor,  pilots,  and  engineers, 
using  hard  copy  end-of-engagement  summaries,  strip  chart  recorders,  and  video  recordings. 
The  end-of-engagement  summaries  included  effectiveness  measures  for  each  fighter,  and  the 
strip  recorders  tracked  pilot  commands  and  flight  control  responses.  Video  tapes  were 
used  to  debrief  each  pilot  immediately  after  each  set  of  runs  in  a  test  configuration. 

The  second  step  took  place  in  the  first  two  months  after  the  test  had  been  completed. 
Effectiveness  data  was  analyzed  from  master  data  tapes  which  contained  252  parameters 
recorded  twenty  times  per  second.  The  data  was  analyzed  with  the  help  of  several  statis¬ 
tical  programs  to  produce  aircraft  state,  engagement  control,  and  effectiveness  time 
histories  and  distributions.  In  the  third  step,  an  intensive  analysis,  examining  the 
cause  and  effect  aspects  of  the  manned  simulations,  was  conducted  by  a  multidisciplinary 
engineering  team  (operations  analysis,  flight  controls,  avionics,  aerodynamics)  over  the 
twelve  months  following  the  test  using  the  data  tapes,  video  tapes,  and  strip  charts. 

The  validity  of  performing  the  detailed  analysis  is  contingent  on  the  fidelity  on  the 
simulation.  Manned  simulation  is  used  in  the  development  of  all  aircraft  flight  control 
systems  at  MCAIR.  After  the  basic  work  has  been  completed,  the  flight  control  system 
design  is  transferred  to  the  simulator  and  evaluated  by  test  pilots  flying  various  mission 
phases  -  take-offs,  air  combat,  weapon  deliveries,  landings.  As  the  flight  control  system 
is  refined,  actual  hardware  (cockpit  controls,  aircraft  computers,  actuators,  control 
surfaces)  are  substituted  for  digital  models.  Test  pilots  reported  after  the  first 
flights  of  the  F-15  and  F-18  that  the  airplane  flew  just  like  the  simulator. 

During  the  manned  simulations  of  the  direct  force  mode  fighters  as  many  as  60,000 
data  entries  were  used  to  model  the  aircraft.  Aerodynamic  data  resulted  from  high  speed 
wind  tunnel  test  up  to  Mach  3.0  and  low  speed  test  to  define  control  derivatives  up  to  80* 


angle  of  attack.  The  flight  control  interactions  for  good  handling  qualities  were  devel¬ 
oped  and  the  advanced  air-to-air  and  air-to-ground  tracking  mechanizations  were  fine-tuned 
through  several  manned  simulation  phases . 

In  the  initial  phases,  six  air-to-air  tracking  mechanizations  were  investigated. 
These  initial  experiments  ranged  from  engineering  pilots  tracking  digital  targets  to  full, 
one-versus-one  air  combat  tests  of  the  six  refined  mechanizations  by  Air  Force  tactical 
pilots.  The  air-to-ground  tracking  mechanizations  were  tested  using  both  fixed  and  moving 
base  simulators.  Tracking  errors  were  fifty  percent  lower  during  air-to-air  gunnery  and 
forty  percent  lower  for  air-to-ground  visual  deliveries  for  fighters  with  the  advanced 
maneuvering  modes  when  compared  to  advanced  fighters  without  the  advanced  maneuvering 
inodes  but  with  the  same  advanced  gunnery  (director)  and  bombing  sights. 

Manned  simulation  was  later  used  to  investigate  the  enhanced  maneuvering  capabilities 
in  close-in  combat.  A  control  configured  fighter  and  a  conventional  (baseline)  fighter 
with  equal  load  factor  capability  were  flown  against  a  common  high  performance  opponent. 
The  advanced  maneuvering  modes  provided  the  control  configured  fighter  faster  gunnery 
solutions,  as  shown  in  Figure  7.  The  coupled  fuselage  aiming  mode  makes  the  gun  an  effec¬ 
tive  all  aspect  weapon,  thereby  providing  earlier  firing  solutions  and  increasing  the 
number  of  gun  hits.  Out  of  more  than  1,000  hits  achieved  during  three  minutes  of  simu¬ 
lated  combat,  83%  of  the  total  hits  and  all  of  the  hits  during  the  first  minute  of  the 
engagement  were  taken  head-on  and  from  the  beam,  as  illustrated  in  Figure  8.  The  control 
configured  fighter  was  also  significantly  better  at  avoiding  losses  than  the  conventional 
(baseline)  fighter. 

In  the  most  recent  manned  simulation  tests ,  one  control  configured  fighter  engaged  in 
close-in  combat  with  two  threat  fighters.  All  aircraft,  friendly  and  threat,  had  equal 
turn  and  climb  rate  performance,  two  all-aspect  short  range  missiles,  identical  gun  and 
fire  control  systems.  The  control  authority  level  was  varied  from  that  of  current 
fighters  up  to  the  full  authority  goals  defined  previously  in  this  paper.  A  comparison  of 
effectiveness  measures  between  the  high  authority  configuration  and  the  baseline  (or 
current  control  capability  configuration)  is  shown  in  Figure  9.  Most  effectiveness 
measures  were  more  than  doubled.  Engagement  control  time  was  defined  as  the  time  when 
1)  the  bearing  angle  from  the  friendly  fighter  to  the  engaged  threat  less  than  20 
degrees,  2)  a  bearing  angle  advantage  against  the  engaged  threat,  and  3)  the  free  threat 
not  radar  tracking  the  friendly  fighter. 

A  five-degree-of-freedom  missile  model  was  used  to  provide  missile  to  target  geome¬ 
tries  used  in  calculating  short  range  missile  probabilities  of  kill  "on-line”.  The  high 
authority  control  configured  fighter  doubled  the  exchange  ratio  of  the  baseline  fighter 
and  had  greater  than  a  one-to-one  exchange  ratio  against  two  "equal  performance"  threat 
fighters.  Analysis  of  the  simulation  data  showed,  Figure  10,  that  the  advantage  was 
fairly  independent  of  the  missile  lethality.  Single  shot  probabilities  of  kill  were 
varied  equally  for  threat  and  friendly  fighter. 

Further  analysis  of  the  data  showed,  Figure  11,  that  the  high  authority  control 
configured  fighter  also  doubled  the  engagement  control  time.  The  high  authority  control 
configured  fighter  controlled  the  engagement,  16  of  the  first  60  seconds,  compared  to  7 
seconds  for  the  baseline  configuration. 

The  use  of  the  advanced  maneuvering  modes  was  analyzed  to  identify  their  contribution 
to  this  large  difference  in  engagement  control  times.  Only  the  difference  in  lateral- 
directional  control  was  sufficiently  large  to  explain  the  control  configured  fighter's 
engagement  control.  A  comparison  of  the  lateral-directional  control  of  the  baseline 
fighter  and  the  control  configured  fighter  is  shown  in  Figure  12  in  terms  of  the  ratio  of 
time  at  the  commanded  roll  rate  to  the  total  time  the  pilot  commands  the  roll  rate.  For 
example,  when  the  pilot's  command  was  greater  than  60%  of  the  maximum  available  roll  rate, 
the  baseline  fighter  was  capable  of  providing  the  commanded  roll  rate  only  24%  of  the 
time,  compared  to  more  than  80%  for  the  control  configured  fighter.  This  was  because  the 
control  configured  fighter  was  capable  of  high  roll  acceleration  at  "corner  turn"  condi¬ 
tions  (high  angle  of  attack  and  high  load  factor). 

Analysis  of  the  one-versus-two  close-in  combat  simulation  showed  that  the  engagement 
control  time  and  the  exchange  ratio  were  very  strongly  influenced  by  the  friendly 
fighter's  roll  acceleration  at  corner  turn  load  factors,  Figure  13.  Improved  roll  acceler¬ 
ation  provides  an  increase  in  the  exchange  ratio  (one  versus  two)  for  both  baseline 
(conventional)  and  control  configured  fighters.  The  control  configured  fighters  can 
generate  improved  roll  acceleration  with  the  same  surfaces  used  to  provide  the  other 
advanced  maneuvering  modes.  The  ability  to  make  rapid  changes  in  the  plane  of  its  turns 
while  maintaining  high  load  factors  allowed  the  control  configured  fighter  to  quickly 
transition  its  attacks  from  one  threat  to  the  other.  Close-in  combat  at  unfavorable  force 
ratios  generates  strong  requirements  for  roll  acceleration.  The  enhanced  lateral-direc¬ 
tional  control  provides  the  capability  for  rapid  roll  acceleration  at  high  angles  of 
attack.  As  shown  in  Figure  14,  enhanced  aerodynamic  controls  have  the  potential  to 
provide  coordinated  roll  acceleration  at  40*  angle-of-attack  that  is  equal  to  the  roll 
acceleration  of  conventional  fighters  at  10*.  The  accelerations  shown  in  Figure  14  are 
the  fighters'  average  values  in  rolling  from  stop  to  stop  through  90*.  Propulsion  control 
(thrust  vectoring)  is  an  option  for  configurations  that  cannot  generate  sufficient 
aerodynamic  forces. 
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DIGITAL  SIMULATION 

Digital-air-combat  simulations  were  used  to  make  parametric  investigations  of  perform¬ 
ance  based  areas  of  interest.  The  cost  effectiveness  of  sustained-loadfactor  performance 
(wing  loading,  thrust  to  weight,  structural  capability)  and  the  magnitude  of  direct  force 
authority  was  evaluated  for  several  advanced-design-fighter  configurations.  The  digital 
models  were  used  to  simulation  engagements  ranging  from  one-versus-one  guns-only  combat  to 
four-versus-four  combat  with  guns  and  advanced  missiles. 

Aircraft  flight  control  and  weapon  systems  are  typically  described  by  2000  data 
entries.  Linear  approximations  are  used  for  the  control  derivatives.  Prior  to  running 
the  model,  a  detailed  performance  analysis  is  used  to  determine  the  preferred  flight 
regions  for  close-in  combat  against  threat  aircraft.  One  degree-of-freedom  simulations 
and  computed  weapon  envelopes  are  used  to  model  eight  missiles  and  the  guns.  The  model 
uses  probabilities  of  survival  and  relative  geometries  of  friendly  and  threat  aircraft  for 
target  selection.  Only  minor  modifications  to  the  model's  standard  maneuvering  logic  were 
necessary  to  evaluate  control  configured  fighters  and  advanced  maneuvering  modes. 

Digital  air  combat  simulations  are  used  before  all  manned  simulation  tests  to  check 
the  validity  of  test  plan  and  structure;  particularly  as  related  to  starting  conditions 
and  test  configurations.  The  results  of  the  digital  simulation  are  compared  to  the 
results  of  the  manned  simulation  in  Figure  IS  for  a  one-versus-one  engagement  with  guns 
and  in  Figure  16  for  one-versus-two  engagements  with  guns  and  all-aspect  short  range 
missiles.  In  all  cases,  digital  simulation  predictions  were  slightly  optimistic.  The 
data  plotted  in  Figure  17  indicates  that  fuselage  aiming  in  the  four-degree  to  ten-degree 
region  was  used  by  the  pilots  more  than  predicted  by  the  digital  simulation.  This  indi¬ 
cates  that  the  pilots  in  the  manned  simulation  lagged  the  target  more  than  the  digital 
pilot.  The  digital  simulation  models  prove  to  be  very  useful  in  predicting  the  effective¬ 
ness  of  the  fighters  and  the  advanced  maneuvering  modes . 

In  developing  control  configured  fighter  concepts,  digital  simulation  is  used  to 
evaluate  parametrically  the  effectiveness  of  the  advanced  maneuvering  modes  and  of  fighter 
performance  in  close-in  combat.  In  MCAIR's  close-in  combat  evaluations  conventional 
fighter  performance  is  best  characterized  by  B*,  where 

B*  =  (STR)1'5  (ATR'(SEP) 

and  ATR  is  attainable  turn  rate,  STR  is  sustained  turn  rate,  and  SEP  is  specific  excess 
power.  B*  was  developed  with  the  help  of  British  Aerospace  and  is  a  variation  of  their 
air  combat  correlation  parameter,  B. 

Figure  18  illustrates  the  change  in  the  effectiveness  of  conventional  and  control  con¬ 
figured  fighters  as  their  performance,  B*,  was  changed  parametrically.  The  B*  performance 
of  the  threat  is  2.52.  Both  threat  and  friendly  fighters  are  armed  with  four  all-aspect 
short  range  missiles  and  a  gun.  The  expected  kills,  expected  losses,  and  exchange  ratios 
are  the  average  of  eighteen  engagements:  six  with  neutral  starting  conditions,  six  favor¬ 
able  for  the  friendly  fighter,  and  six  favorable  for  the  threat  fighter.  The  advanced 
maneuvering  modes — coupled  fuselage  aiming  mode  (CFAM),  drag  modulation  (DM),  longitudinal 
maneuver  enhancement  control  ( LMEC ) ,  and  lateral-directional  maneuver  enhancement  control 
(LDMEC) — were  added  one  at  a  time  until  the  full  control  configured  capability  was 
achieved.  It  is  important  to  note  that  the  improvement  provided  by  the  addition  of  any 
single  mode  is  small  but  that  the  improvement  provided  by  the  combination  of  modes  pro¬ 
vides  an  advantage  in  exchange  ratio  of  about  one  across  all  performance  levels. 

The  interaction  between  close-in-combat  effectiveness  and  the  authority  of  the 
advanced  maneuvering  modes  was  also  evaluated  with  parametric  digital  simulation  engage¬ 
ments.  The  authority  of  each  advanced  maneuvering  mode  is  related  to  direct  lift 
authority  levels  in  a  unique  way  for  each  and  every  control  configured  concept.  For  the 
fighter  used  in  this  analysis,  5g  of  direct  lift  provides  +11  degrees  of  fuselage  independ¬ 
ent  aiming  and  3g  of  modulated  drag  capability  at  Mach  0.9  and  10,000  feet.  The  exchange 
ratio  (kills  divided  by  losses)  for  one-versus-one  close-in  combat  is  shown  in  Figure  19 
as  a  function  of  this  direct  lift  capability.  The  effectiveness  improves  little  until  the 
fighter  has  more  than  lg  of  direct  lift,  increases  rapidly  between  2.5  and  3.5g,  and 
begins  to  flatten  out  above  4g. 

The  effect  of  the  maneuvering  design  requirement  (sustained  load  factor  at  Mach  0.9 
and  30,000  feet)  on  exchange  ratio  is  shown  in  Figure  20.  At  the  average  flight  condi¬ 
tions  for  the  four-versus-four  close-in  combat  (Mach  0.6  and  10,000  feet),  load  factor 
capability  is  similiar  to  that  at  the  design  requirement  conditions.  The  improvement  in 
effectiveness  that  can  be  provided  by  increasing  load  factor  capability  above  4.5g  (postu¬ 
lated  threat  performance),  for  conventional  fighters  is  small  compared  to  the  cost.  For 
exanple  increasing  the  load  factor  0.5g  can  require  an  8t  weight  increase  and  a  13t  thrust 
increase.  However,  the  advanced  maneuvering  modes  provide  two  interesting  options.  The 
first  option  is  to  design  a  fighter  with  both  high  load  factor  capability  (4.5g)  and  the 
advanced  maneuvering  modes,  to  improve  the  close-in  combat  effectiveness.  The  second 
option  is  to  use  the  advanced  maneuvering  modes  to  improved  close-in  combat  at  a  relaxed 
load  factor  (4.0g)  design  requirement.  At  the  reduced  load  factor,  a  smaller,  thinner,  or 
more  highly  swept  wing  can  be  used  to  provide  better  supersonic  performance. 

A  comparison  of  the  performance  of  the  two  control  configured  options  and  the  conven¬ 
tional  fighter  is  shown  in  Figure  21.  The  second  option  seems  to  truly  be  an  effective 
fighter,  providing  both  better  supersonic  performance  (acceleration  and  supersonic  load 
factor)  and  better  close-in  combat  effectiveness  (Figure  20)  than  the  baseline. 
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CONCLUSION 

The  digital  and  manned  simulation  results  indicate  that  at  equal  weights  high  author¬ 
ity  control  configured  fighters  have  a  close-in  combat  effectiveness  advantage  that  cannot 
be  matched  by  conventional  performance  improvements.  The  simulations  also  indicate  that 
only  the  full  ensemble  of  advanced  maneuvering  modeB  provide  a  significant  improvement  in 
effectiveness.  The  manned  simulations  have  also  proved  that  to  be  usable  and  effective  in 
air  combat,  the  advanced  maneuvering  modes  must  be  fully  integrated  into  the  fighter 
design  to  provide  low  workload  for  the  pilot  and  enhanced  handling  qualities  throughout 
the  combat  envelope,  as  well  as  to  provide  improved  tracking. 

The  better  close-in  combat  effectiveness  of  control  configured  fighters  has  been 
throughly  documented  by  manned  and  digital  simulation  results.  Future  efforts  should 
concentrate  on  evaluating  control  configured  fighters  using  full  air  battle  simulations 
and  on  flight  testing  a  configuration  with  high  authority  advanced  maneuvering  inodes. 

NOMENCLATURE 

ATR  Attainable  turn  rate 

B  BAE  close-in  combat  performance  correlation  parameter 

B*  Close-in  combat  performance  correlation  parameter 

BA  Bearing  angle,  velocity  vector  to  line  of  sight 

CFAM  Coupled  fuselage  aiming  mode 

DM  Drag  Modulation 

G,  g  Gravity  acceleration  constant 

LDMEC  Lateral  Directional  Maneuver  Enhancement  Control 

LMEC  Longitudinal  Maneuver  Enhancement  Control 

M  Surviving  force  advantage 

MCAIR  McDonnell  Aircraft  Company 

SEP  Specific  excess  power 

SRM  Short  range  missile 

STR  Sustained  turn  rate 

*  Degree 

*  Percent 


Figure  1.  MCAIR  Direct  Force  Mode  Simulation  Experience 
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Figure  2.  Six  Indopondont  D*gr»»«  of  Freodom 
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Figure  4,  Advanced  Atonamrertng  Mod** 


Flg«m  8.  Simulation  Program  Concapt 
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GUN  HITS 
36  ENGAGEMENTS 


Figure  7.  Fait*r  Weapon  Solution* 

One  Versus  One  Manned  Simulation 
Guns  Only  Close-In  Combat 


Figure  9.  Firing  Opportunities  by  Target  Aspect 

One  Versus  One  Manned  Simulation 
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Figure  9.  Improved  Close-In  Combat  Capability 
One  Versus  Two  Manned  Simulation 
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Figure  10.  Contral  Configured  Flghtor  Advantage  at  All  Mlaalla  Lathafltlas 

One  Versus  Two  Manned  Simulation 
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Figure  11.  Engagement  Control 
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— —  Control  configured  fighter 
—  —  —  Baseline  fighter 


PILOT  ROLL  RATE  COMMAND  - 
PERCENT  OF  MAXIMUM  AUTHORITY 

Figure  12.  Roll  Reaponea  Resulting  Irofn  Lateral-Directional  Maneuver  Enhancamant  Control 
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Figure  13.  Lataral  Manauvar  Enhancamant  tenant 

One  Versus  Two  Close-In  Combat 
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Figure  14.  Lateral  Maneuver  Enhancamant 
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Figure  15.  Simulation  Correlation  Control  Configured  Fighters 
Guns  Only  36  Three  Minute  Engagements 
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Figure  16.  Manned/DIgltal  Correlation 
One  Versus  Two  Neutral  Engagements 


Figure  IT.  Fuselage  Aiming  Usage 
One  Versus  One  Guns  Only 
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Figure  1*. 
One  Versus  One 


Close-In  Combat 
All-Aspect  SRMs  +  Gun 
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Figure  19.  Advanced  Maneuvering  Modes  Benefits 

One  Versus  One  All-Aspect  SRMs  -i-  Gun 
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Figure  20.  Fighter  Design  Requirements 
Close-In  Combat  All  Aspect  SRMs  +  Gun 
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Figure  21.  Supersonic  Performance  Improvement 
Equal  Design  Weight 


THE  STUDY  OF  COMBAT  AIRCRAFT  MANOEUVRABILITY 


BY  AIR  TO  AIR  COMBAT  SIMULATION. 


By 

A.  G.  Barnes 

British  Aerospace  Public  Limited  Company 
Warton  Division 
Preston,  Lancashire 
England. 


SUMMARY 


The  evaluation  of  air-to-air  combat  by  ground  based  simulation  is  a  well-established 
technique,  and  is  making  a  considerable  contribution  to  the  design,  development  and 
operational  use  of  combat  aircraft.  lhe  merits  of  different  aircraf t/missile  combinations 
can  be  assessed  under  controlled  conditions  with  pilot  involvement.  Parameters  which 
influence  manoeuvrability,  such  as  sustained  turn  rate,  attained  turn  rate,  and  SEP  can 
be  easily  varied,  and  translated  into  combat  success.  The  relative  importance  of  these 
parameters  are  discussed  in  the  light  of  experimental  results. 


1.  INTRODUCTION 


Recent  developments  in  technology  have,  without  doubt,  made  possible  major  improve¬ 
ments  in  the  manoeuvrability  of  combat  aircraft.  Having  given  the  designer  these 
possibilities,  an  examination  of  the  trade-off  between  operational  capability,  cost  and 
complexity  must  be  made.  What  are  the  circumstances  when  increased  manoeuvrability  is 
likely  to  be  of  most  benefit?  Which  is  the  best  method  to  enhance  the  manoeuvrability? 

How  can  the  system  be  incorporated  into  the  aircraft’s  control  system  and  integrated 
with  the  weapon  system?  The  purpose  of  this  paper  is  to  show  that  effective  means  are 
available  at  the  design  stage  to  answer  these  question,  by  modelling  and  simulation.  In 
particular,  this  paper  discusses  the  pilot-in-the-loop  simulation  of  air-to-air  combat, 
in  terms  of  the  equipments  which  are  available,  the  standards  which  are  necessary,  and 
the  best  means  of  employment. 

A  point  which  has  often  been  made  at  previous  AGARD  meetings  on  Aircraft  Design, 
and  which  will  be  re-iterated  at  this  Conference,  is  the  increasing  capability  of  manned 
simulators  to  address  aircraft  design  and  development  problems.  Improved  display  hardware 
and  more  powerful  computers  have  made  many  problems  which  were  beyond  the  scope  of  flight 
simulation  twenty  years  ago  amenable  to  this  teciinique.  In  the  discipline  of  Flight 
Mechanics,  two  examples  which  come  to  mind  are  studies  of  aircraft  flying  qualities  and 
flight  control  system  behaviour  in  conditions  of  turbulence,  and  the  development  of 
incidence  limiting  and  spin  prevention  systems.  In  both  these  cases,  as  well  as  savings 
in  design  and  development  costs,  the  use  of  the  flight  simulator  results  in  a  less 
hazardous  flight  test  programme,  and  allows  much  greater  repeatability  in  the  analysis 
of  test  results. 

These  benefits  are  multiplied  for  tests  related  to  air-to-air  combat,  where  the 
staging  of  airborne  trials  in  far  more  complicated.  Operating  costs  of  trials  on  an 
instrumented  air-combat  range,  coupled  with  off-site  operation,  make  the  use  of  such 
trials  well  outside  the  compass  of  aircraft  design  organisations.  At  the  same  time,  the 
continuing  development  of  air  combat  simulation  techniques  is  extending  the  range  of 
tests  which  can  usefully  be  made  on  the  ground,  and  winning  support  from  quarters  where 
doubts  have  been  expressed  in  the  past. 

2.  REQUIRED  STANDARDS  OF  SIMULATION 

There  are  many  factors  to  consider  when  setting  up  a  facility  for  research  and 
development  work  related  to  air  combat.  Capital  cost,  running  costs,  maintainance ;  ease 
of  operation,  and  flexibility  are  some  of  the  considerations.  If  too  much  emphasis  is 
given  to  one  particular  aspect,  the  others  will  suffer  in  consequence.  For  example,  a 
too  severe  specification  for  the  quality  of  the  visual  images  may  lead  to  expensive, 
unreliable  solutions.  Similarly,  the  choice  of  too  small  a  computer,  or  a  lack  of 
peripheral  devices,  can  restrict  the  operational  use  of  the  simulator. 


1.  9 •In  diameter  inflateable  dome 

2.  Airlock 

3.  Target  Projector 

4.  Sky /ground  projector 

5.  Fixed  cockpit 


FIGURE  1  G.A.  OF  COMBAT  SIMULATOR 


At  the  Walton  Division  of  British  Aerospace,  we  have  this  year  brought  a  2  dome, 
man  v  man  combat  simulator  into  operation.  Much  of  the  hardware  design  is  based  on 
experience  with  a  single  dome  combat  simulator  which  we  have  operated  for  the  past  seven 
years.  The  image  of  an  opponent  aircraft  is  projected  onto  a  9.1m  diameter  dome  by  a 
servo-driven  T.V.  projector,  mounted  at  the  centre  of  the  dome.  (Figure  1)  The  image 
of  the  target  aircraft  is  generated  by  a  T.V.  camera,  which  views  one  of  two  gimbal- 
mounted  model  aircraft  -  one  model  mounted  by  the  tail,  and  the  other  by  the  nose.  The 
computer  decides  on  the  appropriate  model  to  view  at  any  particular  time.  The  aircraft 
models  can  be  easily  changed,  as  can  the  aircraft  behaviour,  as  stored  in  the  computer. 
The  projected  image  size  is  varied  by  electronic  means  (raster  shrink),  to  represent 
changing  range  between  the  two  aircraft. 


Considerable  experience  has  been  gained  on  the  earlier  combat  simulator  in  the  use 
o 1  a  computer  controlled  opponent  (BACTAC).  A  series  of  logical  decisions  are  made  in 
the  computer,  depending  on  the  opposing  aircraft's  position,  range,  rate  of  turn,  arm.- 
ment.  and  performance.  The  decisions  lead  to  a  choice  of  manoeuvre  which  will  give  *he 
best  opportunity  to  shoot  down  the  other  aircraft.  At  first  sight  it  would  seem  that 
even  a  good  combat  pilot  will  not  be  able  to  beat  the  computer  since  the  computer  does 
not  make  mistakes,  and  makes  new  decisions  very  rapidly.  Nor  does  it  suffer  from  visua 
Obscuration  of  the  opponent's  aircraft.  In  practice,  considerable  care  is  needed  to 
develop  the  tactics  which  match  the  experienced  pilot,  partly  because  of  the  superior 
logic  process  used  by  the  pilot,  and  partly  because  the  modelling  of  optimum  manoeuvres 
in  three  dimensional  space  is  complex.  Once  developed,  however,  the  computer  controlled 
opponent  is  an  excellent  method  for  the  comparison  of  aircraft  combat  capabilities.  The 
opponent  is  always  available,  he  uses  repeatable  tactics,  there  are  no  learning  effects, 
and  he  does  not  exhibit  other  human  frailties.  But  the  questions  will  always  arise 
(sometimes  posed  by  a  beaten  pilot)  concerning  the  validity  of  the  computer's  tactics 
and  the  legality  of  its  methods.  The  way  to  answer  such  questions  is  to  conduct  the 
same  comparison  of  aircraft  configuration  in  a  two  dome,  man  v  man  simulator. 


In  designing  the  2  dome  simulator,  the  opportunity  was  taken  to  review  the  design 
decisions  taken  ten  years  ago  for  the  single  dome  system,  and  to  make  improvements  which 
technology  offered.  In  particular,  a  careful  study  was  made  of  field  of  vle_w  improvements 
The  gantry  configuration  in  the  single  dome  simulator  allowed  a  3  axis  motion  system  to 
be  installed  around  the  cockpit  as  a  later  development,  if  necessary.  Pilot  consents 
put  the  need  for  motion  cues  as  low  priority,  which  allowed  the  gantry  to  be  re-designed 
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SKY-GROUND  PROJECTOR 


SEAT 

HEAD-REST 


FIGURE  2  FIELD  OF  VIEW  DIAGRAM 


to  give  the  largest  field  of  view  without  a  radical  change  to  the  target  projector.  We 
did  however,  stop  short  of  accepting  a  requirement  for  360°  azimuth  field  of  view  from 
the  pilot's  eye  position.  The  field  of  view  obtained  by  gantry  re-design  is  seen  on 
Figure  2.  An  unrestricted  field  of  view  of  approximately  ±155"  in  azimuth  and  -40°+  106° 
in  elevation  is  available.  When  the  view  restriction  of  a  typical  fighter  cockpit  cut¬ 
off  diagram  is  super- imposed,  it  is  clear  that  from  a  fixed  eye  position,  much  of  the  un- 
useable  display  area  is  hidden  by  the  rear  fuselage  and  seat  head-rest.  It  could  also 
be  argued  that  in  combat,  the  head  and  torso  movements  to  look  behind  and  above,  into 
this  area,  are  difficult,  if  not  impossible  to  make. 

Let  us  suppose,  however,  that  the  user  insists  that  the  simulator  is  designed  to 
provide  an  azimuth  field  of  view  of  i 18O0  at  cockpit  sill  height.  The  designer  cannot 
then  place  any  display  projectors  above  this  line;  they  must  be  concealed  from  view, 

X  Pilot's  oyo  position 


FIGURE  3  EFFECT  OF  360°  F.O.V.  REQUIREMENT  ON  DOME  SIZE  AND  PROJECTOR  LAYOUT 


adjacent  to  the  cockpit.  A  single  target  projector  can  no  longer  cover  the  required  target 
field  of  view;  several  projectors  are  needed,  and  because  the  throw  distance  varies  with 
angle,  the  projectors  cannot  be  fixed  focus.  To  accommodate  the  display  hardware,  more 
volume  must  be  found  below  the  cockpit;  the  dome  size  must  be  increased,  and  it  is  sensible 
to  put  the  pilot's  eye  at  the  centre  of  the  dome  (Figure  3).  The  building  to  house  the 
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simulator  must  be  doubled  in  size  and  other  knock-on  effects  at  least  double  the  cost 
of  the  simulator,  all  for  the  sake  of  a  small,  barely  useable  display  area.  The  irony 
is  now,  the  user  pays  for  servo-driven  focussing  on  the  projectors,  while  the  pilot's 
inherent  eye  focussing  capability  -  which  is  available  at  no  cost  penalty  -  is  not 
utilised! 

A  similar  cost/performance  trade-off  applies  to  the  resolution  of  the  target  image. 
The  provision  of  high  resolution  images  over  a  large  field  of  view  is  a  vastly  expensive 
undertaking  using  today's  technology.  The  servo-driven  T.V.  projector,  with  raster 
shrink  is  a  system  which  gives  reasonable  performance  at  modest  cost,  with  a  capability 
to  change  the  size  by  a  factor  of  about  5^:1-  Using  this  variation,  the  designer  can 
provide  either  good  aircraft  images  at  short  range  (down  to  100m)  -  in  which  case  the 
images  at  long  range  (beyond  5Km)  will  suffer  -  or  high  resolution  at  long  range  -  in 
which  case  the  minimum  range  will  be  large.  Pilot  opinion  is  not  helpful  in  making  this 
trade-off;  some  pilots  insist  that  it  is  essential  to  be  able  to  detect  and  recognise 
the  orientation  of  another  aircraft  at  5  -  10Km,  and  others  are  equally  emphatic  that 
a  small  maximum  image  size  will  destroy  the  illusion  of  combat  -  for  example  in  a  head- 
on  pass.  The  answer  lies  in  a  design  which  gives  more  importance  to  images  at  short 
range  than  at  long  range.  The  law  of  diminishing  returns  says  that  we  sh  tld  not  put 
more  effort  into  seeing  less  and  less.  A  more  direct  reason  is  that  it  is  possible  (and 
often  necessary  in  aircraft)  to  provide  the  pilot  with  information  in  the  cockpit  to 
assist  him,  when  the  target  is  at  long  range,  thus  compensating  for  the  poor  image 
resolution. 

Several  other  design  decisions  could  be  argued  at  length.  The  cockpit  and  cockpit 
fit  must  allow  for  easy  change  of  configuration,  feel  system  and  equipment.  We  have 
used  a  modular  construc¬ 
tion,  based  more  on  display 
console  technology  than 
on  aircrafc  constructural 
technology,  to  achieve 
flexibility  (Figure  4). 

The  components  are  bolted 
together,  allowing  sub- 
assemblies  such  as  the 
cockpit  floor,  or  instru¬ 
ment  cradle,  to  be  removed 
as  a  unit,  for  modification 
or  repair. 

Two  further  questions 
which  strongly  influence 
the  design  of  an  air-to- 
air  combat  simulator 
cannot  be  ignored.  The 
first  concerns  the  use  of 
computer  generated  images, 
for  either  target  images, 
or  ground  representation, 
rather  than  the  widely 
used  T.V.  camera  -  viewed 
model  aircraft  and  shadow¬ 
graph  sky /ground  projector. 

The  second  is  the  require¬ 
ment  and  implementation 
of  multiple-targets. 

Although  neither  topic 
is  within  the  scope  of 
this  paper,  they  feature 
strongly  in  any  discussion 
of  the  cost/complexity 
trade-off.  Although  the 
combat  simulator  which 
contains  both  of  these 
features  using  current 
techology  will  be  expensive 
now,  as  better  display 
equipment  become  available, 
they  will  be  less  expensive 
and  more  attractive. 

FIGURE  4.  MODULAR  COCKPIT  CONSTRUCTION. 


3.  DATA  BASE,  COMPUTATION  AND  ANALYSIS 

The  simulation  of  air-to-air  combat  puts  considerable  demands  onto  the  computer. 

Two  aircraft  must  be  repre.  ted  to  a  high  degree  of  fidelity  throughout  their  respective 
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flight  envelopes.  Their  position  in  space,  and  their  position  relative  to  one  another 
must  be  calculated  continously,  and  the  information  from  these  calculations  must  be 
processed  to  drive  the  cockpit  and  display  devices  in  each  dome.  Signals  must  be 
available  to  drive  on-line  monitors  and  to  store  for  subsequent  analysis.  Computer 
technology  does  not  itself  impose  any  limits.  A  computer  configuration  can  be  found 
which  has  the  capacity,  in  terms  of  speed  and  storage  to  deal  with  all  these  requirements, 
and  more.  But  once  again  we  are  in  the  area  of  trade-off,  where  the  choice  of  alterna¬ 
tives  can  severely  influence  the  efficiency  of  the  total  simulator. 

The  computer  must  be  easy  to  programme,  and  the  programmes  must  be  easy  to  inspect. 
Specialists  from  various  disciplines  need  assurance  that  the  simulator  does  reproduce 
and  use  the  information  which  either  they  have  provided,  or  of  which  they  have  direct 
knowledge;  the  more  checks,  responses,  print  -outs,  and  graphs  which  are  on  call  to  the 
simulator  engineer,  the  more  confident  the  specialists  will  be.  The  starting  point  to 
this  capability  is  to  have  a  computer  language  and  operating  system  which  is  easy  to 
understand  and  to  operate.  To  reach  this  starting  point,  good  communication  is  needed 
between  the  engineers  responsible  for  computer  hardware,  computer  software,  performance 
and  systems  modelling,  and  operation. 

The  situation  is  futher  complicated  by  the  need  to  interface  the  computer  with 
complex  hardware.  Display  drives,  input  and  output  signals  from  each  cockpit  and  the 
operators  console,  peripheral  devices  such  as  line  printers  and  VDlIs,  and  on  line 
monitors  must  all  be  serviced  by  the  computer,  without  prejudice  to  the  cycle-time  of 
the  simulation.  We  have  found  that  the  VAX  11/780  computer  with  1.25  megabites  storage, 
linked  to  an  AP120  Array  Processor,  PDP  11/34  and  Megatek  display  system  is  a  convenient 
configuration. 

In  comparison  with  a  Training  Simulation,  the  Research  and  Development  Combat 
Simulator  must  be  easy  to  programme  with  new  types  of  aircraft  and  missiles.  Not  only 
is  it  useful  to  exchange  engine /airframe/  missile  combinations  by  a  key-board  input;  it 
is  also  necessary  to  scale  directly  many  of  the  parameters  by  key-board  entry,  so  that 
any  line  of  enquiry  can  be  followed.  A  file  containing  the  information  describing  a 
particular  aircraft,  as  supplied  by  the  customer,  must  always  be  available  for  comparison 
with  the  data  contained  in  the  computer.  The  computer  must  supply  on  request  this  data, 
and  the  performance  parameters  based  on  this  data.  Graphs  of  turn  rate  v  Mach  number  at 
different  heights  together  with  values  of  SEP,  are  the  basis  for  studies  comparing  the 
performance  in  combat  of  different  configurations.  Together  with  the  descriptive  file, 
they  are  invaluable  for  briefing  purposes  before  the  trials  begin. 

Of  equal  importance  to  having  an  orderly  system  for  the  input  data,  is  having 
efficient  monitoring,  recording,  scoring  and  play-back  facilities.  Our  present  system 
gives  the  results  of  a  combat  immediately  the  combat  is  concluded.  The  operator  may 
choose  between  a  VDU  presentation  of  all  relevant  parameters  (time  at  advantage,  time  in 
firing  position,  conditions  at  release,  average  speed,  fuel  used,  etc.)  or  a  hard  copy 
of  selected  quantities.  Particular  emphasis  has  been  placed  on  minimising  the  time 
taken  to  set  initial  conditions  and  to  change  aircraft  or  missile  configuration. 
Consequently  high  pilot  utilisation  is  achieved. 

Communication  between  pilots  and  the  trials  operator  is  arranged  so  that  when 
occasion  demands,  pilots  can  speak  to  each  other,  or  the  operator  can  make  common  calls. 
Otherwise,  the  domes  are  isolated  from  each  other,  but  not  from  the  trials  operator. 

The  trials  operator  has  a  control  console  which  allows  him  to  monitor  the  input  and 
output  signals  from  each  dome,  and  to  observe  the  progression  of  the  fight  on  a  VDU. 

Before  leaving  the  topic  of  computation,  mention  must  be  made  of  the  need  for  fast 
cycle-times  for  investigations  related  to  flight  mechanics,  and  in  particular  for  the 
assessment  of  fine  tracking  with  guns.  Hie  influence  of  lags  and  time  delays  on  the 
closed  loop  stability  of  aircraft/control  system  combinations  has  been  extensively 
studied,  mainly  on  analog  loops,  but  much  remains  to  be  explained  when  the  complex  loops 
(including  digital  processing  and  T.V.  imaging)  of  combat  simulation  are  involved.  It 
is  not  a  simple  matter  of  answering  the  question  "How  fast  a  cycle  time  do  you  require?". 
Experience  on  our  first  combat  simulator  with  a  very  complex  simulation  and  slow  computer 
showed  that  an  overall  loop  time  of  66ms  degraded  pilot  opinion.  Introduction  of  an 
array  processor  speeded  up  most  of  the  computations  to  20ms  (in  particular  the  aircraft 
dynamics  and  display  drive  signals)  producing  more  favourable  pilot  comment,  and  improved 
scores  in  air-to-air  gun  tracking.  Later  tests,  with  cycle  times  of  2ms  gave  the  subject¬ 
ive  impression  of  a  very  smooth  aircraft.  At  this  rate,  deteriorating  the  sample  time 
on  stick  signals  from  the  cockpit  to  100ms  had  no  obvious  adverse  effect,  whereas  delaying 
the  projector  drive  signals  by  this  amount  was  most  noticeable.  Hie  simple  maxim  that 
emerges  is  that  if  a  conflict  arises  between  a  complex  model  with  slow  iteration  rates, 
and  a  less  effective  model  with  good  iteration  rates,  every  effort  should  be  made  to 
keep  down  the  model  complexity.  The  consequence  of  this  principle  is  that  before  a  new 
investigation  is  started  agreement  is  reached  on  the  acceptable  level  of  modelling  for 
each  component  of  the  simulation.  For  example  if  the  investigation  is  primarily  concerned 
with  the  control  system,  and  aircraft  stability  at  high  incidence,  detailed  modelling 
of  the  radar  or  the  missile  guidance  can  be  omitted,  whereas  a  study  of  performance 
trade-off  with  aircraft  configuration  would  assume  that  the  flight  control  problems  are 
solved,  and  allow  simplification  in  the  modelling  of  dynamic  response. 

4.  OPERATION 


Air-to-air  combat  is  a  disorderly  afair,  even  in  peacetime  training  conditions 
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Many  factors,  including  the  pilot's  skill,  influence  the  outcome  of  the  combat  and 
circumstances  arise,  such  as  weather  conditions,  loss  of  visual  contact,  or  operating 
restrictions,  which  make  systematic  examination  of  aircraft  design  changes  a  most  difficult 
task.  Moreover,  the  usual  method  of  assessement,  pilot  recollection  of  events,  is  often 
distorted  by  his  personal  involvement  and  unusual  point  of  observation. 


Trials  on  a  combat  simulator  clearly  remove  many  of  these  variables;  nevertheless, 
the  results  are  more  intuitive  than  scientific.  The  intuitive  skill  lies  in  preparation 
for  the  experiment  -  the  assumptions  made  will  influence  the  results  which  emerge  -  and 
so  it  is  essential  to  make  clear  to  all  concerned  exactly  what  assumptions  have  been  made. 
Listed  below  are  typical  assumptions  which  allow  an  investigation  of  realistic  proportions 
to  be  planned. 

1  v  1  visual  combat  against  a  standard  opponent, 

Opponent  is  always  agressive, 

Neutral  start  conditions. 

Flight  terminates  after  three  minutes, 

Each  aircraft  has  same  weapon. 

Each  aircraft  has  automatic  manoeuvre  limiting, 

Scoring  parameters  are  specified. 

For  studies  related  to  the  aerodynamic  behaviour  of  the  aircraft,  it  is  not  necessary 
to  model  the  flight  path  of  the  missile;  the  achievement  of  a  firing  solution  is  a 
suitable  measure. 

Two  studies  will  illustrate  the  use  of  the  combat  simulator  to  compare  configurations, 
one  comparing  similar  configurations,  the  second  comparing  very  dis-similar  configurations. 


Hie  first  study,  made  three  years  ago,  compared  six  designs  for  a  high  performance 
fighter  against  a  standard  opponent,  each  armed  with  a  short  range  heat  seeking  missile. 
The  standard  opponent  was  computer-controlled.  Six  pilots  took  part,  flying  seven 
different  configurations  (The  first  configuration  was  to  fly  equal  aircraft  against  the 
standard  opponent).  After  familiarisation,  each  pilot  flew  3  three  minute  fights  in  each 
configuration.  Configuration  two  had  approximately  20%  more  sustained  turn  rate  capabil¬ 
ity  than  the  standard  opponent.  Other  configurations  varied  with  respect  to  thrust  to 
weight  ratio,  attainable  and  sustained  turn  performance.  Configuration  six  was  the  same 
as  configuration  five  (an  aircraft  with  vectoring  thrust  capability)  but  pilots  were 
only  allowed  to  use  VIFF  for  configuration  six. 
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FIGURE  5  PILOT  V  COMPUTER  RESULTS 


The  scoring  parameters 
were  time  at  advantage,  time 
in  a  firing  position,  and 
number  of  shots.  The  results 
are  seen  on  Figure  5.  They 
represent  the  mean  values 
from  21  fights  in  each 
configuration.  Clear  diff¬ 
erences  between  configurations 
are  seen,  and  conclusions  may 
be  made.  The  standard 
opponent  produces  an  equal 
fight.  20%  more  sustained 
turn  rate  gives  on  average 
two  more  firing  opportunities 
per  fight.  VIFF  (without 
installation  penalty)  gives 
two  shots  per  fight. 

Results  such  as  these 
are  extremely  valuable.  They 
are  quickly  obtained  (this 
investigation  was  completed 
in  about  eight  weeks).  They 
show  clear  differences  between 
configurations,  which  can  be 
easily  explained  by  reference 
to  the  performance  capability 
of  each  configuration  or  to 
the  pilots  comments.  They 
can  be  reproduced  -  the  same 
experiment,  repeated  now 
(with  new  pilots)  will  pro¬ 
duce  the  same  answers. 

However ,  the  results  are 
sensitive  to  the  assumptions 
listed  above.  The  choice 
of  weapon  is  particularly 
important.  The  need  to  match 
the  weapon  capability  to  the 
airframe  capability  is  well 
recognised  by  designers,  and 
changes  to  the  release  bound- 
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aries  of  the  missile  directly  affect  the  numerical  scores.  If  each  aircraft  has  the 
capability  to  turn  inside  the  minimum  range  boundary  of  the  opponent's  missile,  then  a 
stalemate  will  occur.  Similarly,  the  choice  of  opposing  aircraft  is  critical.  If  the 
opponent  is  greatly  superior  or  inferior,  then  small  changes  in  the  performance  of  the 
test  aircraft  will  not  be  seen  in  the  results. 

The  second  example,  a  recent  diversion,  matched  a  World  War  II  fighter  (Spitfire 
Mk  1)  against  a  modern  air-to-air  combat  aircraft.  Each  was  armed  with  a  short  range 


FIGURE  6  TURN  RATE  PLOTS  -  SPITFIRE  AND  MODERN  FIGHTER 


heat  seeking  missile.  The  dis-similarity  in  performance  is  seen  on  Figure  6.  The 
Spitfire  has  superior  sustained  turn  rate  and  attainable  turn  rate  performance,  but  can 
only  achieve  them  in  a  small  speed  band  between  100  and  200  knots.  The  modern  fighter 
is  most  useful  above  200  knots.  It  has  an  enormous  advantage  in  terms  of  Specific 
Excess  Power. 

Starting  the  fight  head-on  at  15,000  feet,  the  Spitfire  wins  easily.  The  small 
turn  radius  which  it  can  achieve  allows  an  early  missile  shot,  due  also  to  the  angle-off 
capability  of  the  missile.  The  pilot  of  the  modern  combat  aircraft  is  unable  to  open 
up  the  fight,  because  in  doing  so  he  is  exposed  to  shots,  and  slashing  attacks  using  a 
missile  without  head-on  capability  are  ineffective.  Attempts  to  use  his  high  SEP  by 
taking  the  fight  upwards  are  only  successful  if  the  Spitfire  makes  a  mistake.  He  cannot 
follow  the  modern  fighter,  but  if  he  maintains  speed,  he  can  always  manoeuvre  to  counter 
any  attack  from  above.  In  simple  terms,  the  pilot  in  the  modern  fighter  should  not 
become  involved  in  this  kind  of  fight,  and  the  decision  whether  to  engage  or  not  rests 
with  him,  rather  than  with  the  Spitfire  pilot. 

A  fight  with  guns  is  a  different  situation.  Both  aircraft  would  be  safe,  unless 
they  made  tactical  mistakes.  If  the  modern  fighter  pilot  tried  to  compete  in  a  turning 
fight,  he  would  lose,  but  if  he  used  slashing  attacks  he  would  dictate  matters,  even  if 
the  chances  of  a  hit  are  low.  He  can  leave  the  fight  at  any  time,  whereas  the  Spitfire 
pilot  is  committed. 

5.  AGILITY  USING  HIGH  ANGLE  OF  ATTACK 


The  previous  section  emphasises  the  need  for  careful  interpretation  of  results  from 
combat  simulation  studies,  even  when  the  aircraft  characteristics  and  the  tactics  to  be 
used  in  combat  are  well  understood.  Even  more  care  is  needed  when  increased  capability 
which  is  achieved  by  unusual  means  is  introduced. 
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The  first  casualty  is  the  empirical  predictor  of  combat  capability,  the  combat 
correlation  parameter  (CCP).  CCP  is  numerical  quantitiy  which  is  easily  calculated  from 
design  quantities  such  as  thrust  loading,  span  loading,  maximum  C1_)  and  so  on.  Alterna¬ 
tively,  the  product  of  sustained  turn  rate,  attainable  turn  rate,  and  SEP,  each  with  a 
weighting  factor  will  give  a  sensible  ranking  of  combat  capability,  over  a  range  of 
different  aircraft  flown  conventionally.  But  if  the  aircraft  has  in-flight  thrust  vector¬ 
ing,  or  post  stall  manoeuvring,  the  numerical  value  of  the  CCP  does  not  change,  but  the 
combat  capability  is  enhanced. 

Much  more  information  is  contained  in  the  plots  of  sustained  and  attainable  turn 
rate  performance  versus  Mach  Number,  at  various  heights,  than  in  the  CCP.  Together  with 
plots  of  SEP  versus  Mach  Number,  they  reveal  where  one  aircraft  will  have  a  performance 
advantage  over  another,  and  in  what  manner  it  should  be  flown.  It  is  too  simplistic  to 
suppose  that  the  best  speed  to  fly  is  at  the  Mach  Number  for  maximum  sustained  turn  rate, 
or  at  the  speed  where  the  maximum  attainable  turn  rate  curve  intersects  the  structural 
limit  curve.  If  an  aircraft  has  an  advantage  over  its  opponent  at  a  lower  speed,  then 
it  must  be  exploited.  Radius  of  turn  is  also  critical,  as  a  means  to  deny  the  opponent 
a  firing  opportunity  by  flying  inside  the  minimum  range  of  his  missile.  Figure  7  shows 


FIGURE  7  TURN  RATE  PLOTS.  AIRCRAFT  A  AND  B. 

the  turn  rate  plots  of  two  aircraft  which  have  dis-similar  aerodynamic  configuration,  in 
terms  of  sweep  and  aspect  ratio.  Aircraft  A  has  lower  sustained  turn  performance  than 
aircraft  B  but  has  higher  attainable  turn  performance.  Which  configuration  is  to  be 
preferred  for  air  to  air  combat?  The  plot  shows  that  aircraft  B  is  superior  in  all 
respects  to  aircraft  A  above  350  knots,  and  that  aircraft  A  has  a  big  advantage  if  the 
pilot  can  pull  his  opponent  into  a  low  speed  fight,  around  200  knots.  In  the  speed 
range  200  -  350  knots,  the  pilot  of  aircraft  B  can  use  his  better  sustained  turn  perfor¬ 
mance  for  positional  advantage,  but  the  pilot  of  aircraft  A  can  deny  pilot  B  firing 
opportunities  by  using  his  very  good  attainable  performance  to  reduce  angle  off.  Pilot 
A  can  also  use  his  attainable  turn  performance  to  obtain  a  firing  solution,  but  in 
doing  so  he  runs  the  risk  of  losing  too  much  speed.  The  time  that  A  takes  to  accelerate 
to  a  preferred  speed  will  be  used  by  pilot  B  to  improve  his  position.  The  lesson  that 
emerges  is  that  against  a  good  opponent,  high  angle  of  attack  capability  must  be 
accompanied  by  high  SEP  to  be  useful  in  combat.  A  corollary  to  this  advice  is  that  high 
angle  of  attack  capability  is  open  to  mis-use  by  the  pilot.  To  use  it  successfully,  he 
must  be  fully  aware  of  the  capability  of  his  aircraft/weapon  configuration,  and  of  the 
capability  of  his  opponent. 
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Similar  comments  apply  to  post- stall  manoeuvring  capability.  A  man  v  computer 
evaluation  of  PST,  similar  to  the  investigation  referred  to  in  Section  4,  showed  that 
PST  produces  firing  opportunities  which  would  not  be  available  otherwise.  It  increases 
the  probability  of  a  first  shot,  following  a  head-on  pass,  at  the  expense  of  energy 
loss.  Adequate  control  power  in  yaw  and  pitch  must  be  provided  to  allow  the  pilot  to 
re-estabilish  rapidly  an  attitude  for  speed  recover.  Pilot  selection  of  the  PST  mode 
is  necessary,  to  prevent  its  use  at  the  wrong  time. 

Energy  is  lost  rapidly  when  PDT  is  used,  and  pilots  were  concerned  about  the 
consequences  of  using  it  in  multi-aircraft  combat. 

One  final  comment  about  the  use  of  high  angle  of  attack  from  the  pilots'  point  of 
view  is  that  recognition  of  firing  opportunities  on  his  opponent,  and  equally  (or  more) 
important,  those  of  the  opponent  on  him,  are  made  much  more  difficult  when  both  of  them 
use  high  angle  of  attack,  particularly  if  the  weapon  they  carry  has  good  off-boresight 
or  angle-off  capability.  Because  more  firing  opportunities  arise,  and  because  they  are 
sometimes  unexpected,  means  of  assisting  the  pilot  are  required.  The  evaluation  of 
warning  or  cueing  devices  is  a  further  task  for  the  combat  simulator. 

6.  CONCLUSIONS 


The  development  in  aerodynamic  and  control  system  technology  which  produce  improved 
manoeuvrability  at  high  angle  of  attack  have  been  matched  by  technology  developments  in 
flight  simulation  which  allow  realistic  representation  of  air  to  air  combat.  An  Air 
Combat  Simulator  is  a  substantial  investment;  the  specification  of  the  equipment  will 
determine  its  usefulness.  The  return  from  the  investment  is  high;  once  made,  it  allows 
a  wide  variety  of  design  and  development  problems  to  be  solved.  Valuable  insight  is 
gained  concerning  the  use  of  enhanced  manoeuvreabili ty  to  provide  an  effective  combat 
aircraf t . 
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